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Foreword 


IN  view  of  the  great  need  for  a  more  scientific  knowledge  of 
electricity  by  thousands  of  practical  men  of  limited  tech- 
nical education,  an  attempt  has  been  made  in  the  following 
pages  to  give  a  presentation  of  the  subject  which  will  be  easily 
understood  by  such  men,  and  at  the  same  time  cover  all  essen- 
tial principles  and  methods.  The  principles  usually  deduced 
by  higher  mathematics  are  here  made  clear  by  careful  explana- 
tion and  a  large  number  of  diagrams  drawn  especially  to  sup- 
plement and  elucidate  the  text.  Numerous  engravings  exem- 
plify modern  practice,  and  form  a  pictorial  index  to  the  latest 
and  best  methods  of  applying  electricity  to  lighting,  railways, 
power  transmission,  the  driving  of  machine  tools,  etc. 

C  The  Cyclopedia  of  Applied  Electricity  is  based  upon  the 
method  which  the  American  School  of  Correspondence  has  de- 
veloped and  successfully  used  for  many  years  in  teaching 
practical  electricians  the  scientific  principles  underlying  their 
work.  It  is  a  compilation  of  representative  Instruction  Papers 
of  the  School,  and  forms  a  simple,  practical,  concise,  and  con- 
venient reference  work  for  the  shop,  the  library,  the  school, 
and  the  home. 

C  The  success  which  the  American  School  of  Correspondence 
has  attained  in  teaching  thousands  of  electricians,  is  in  itself 
the  best  possible  guarantee  for  the  present  work.  Therefore, 
while  these  volumes  are  a  marked  innovation  in  technical  litera- 
ture—representing as  they  do  the  best  ideas  and  methods  of  a 
large  number  of  different  authors,  each  an  acknowledged 
authority  in  his  work— they  are  by  no  means  an  experiment, 


but  are  in  fact  based  on  what  has  proved  itself  to  be  the  most 
successful  method  yet  devised  for  the  education  of  the  busy 
working  man. 

C  Among  the  sections  of  especial  timeliness  are  those  on  Alter- 
nating-Current Machinery,  Storage  Batteries,  Electric  Wiring, 
Lighting,  etc.  In  these  pages  the  authors  have  succeeded  in 
presenting  the  subjects  in  such  manner  as  to  overcome  the 
hitherto  insurmountable  obstacle— higher  mathematics.  The 
rules  and  formulae  are  presented  in  a  very  simple  manner,  and 
special  effort  has  been  made  to  illustrate  every  principle  by  dia- 
grams, curves,  and  practical  examples. 

CNumerous  examples  for  practice  are  inserted  at  intervals; 
these,  with  the  test  questions,  help  the  reader  to  fix  in  mind 
the  essential  points,  thus  combining  the  advantages  of  a  text- 
book with  those  of  a  reference  work. 

CGratef  ul  acknowledgment  is  due  to  the  corps  of  authors  and 
collaborators  who  have  prepared  the  many  sections  of  this 
work.  The  hearty  co-operation  of  these  men — engineers  of 
wide  practical  experience,  and  teachers  of  acknowledged  ability 
— has  alone  made  these  volumes  possible. 

CThe  Cyclopedia  is  published  in  the  belief  that  it  will  meet  a 
real  need  among  designers,  constructors,  and  operators  of  elec- 
trical machinery.  That  it  may  save  many  weary  hours  of 
search  among  the  scattered  textbooks  and  reference  works  of 
the  day— books  which,  being  intended  largely  for  college-trained 
men,  are  necessarily  far  from  meeting  the  needs  of  the  average 
practical  man — is  the  hope  of  the  compilers  and  publishers. 
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ELECTRICAL  MEASUREMENTS 

PAUT  I-ELEMENTAHY 


SYSTEMS  OF  UNITS 

Physical  (|uuntities  uro  inoasiired  in  tonus  of  <juuuiiti(*.s  cHllttJ 
units.  TIjfiie  units,  us  a  rule,  art*  rt'latwJ  to  one  unotluT  and  form 
systems;  as,  for  example,  the  BritUh  system  and  the  C,  G,  S.  system. 

Fundamental  Units.  The  arbitrarily  chasen  units  of  u  systeni  art* 
called  JiiHihimcntdl  in  distinction  to  the  relateil  units  dejx'nding  on 
them,  which  are  called  derived  units.  The  C.  G.  S.  sy.steni,  univer- 
sally used  in  electrical  measurements,  takes  its  name  from  three  of  its 
fundamental  units — the  centimeter,  the  (jram,  and  the  second  of  mean 
solar  time.  Besides  the  three  units  from  which  it  takes  its  name,  the 
C.  G,  S.  system  includes  other  fundamental  units;  for  example,  the 
degree  centigrade,  the  calorie,  and  the  unit  magnetic  pole.  Whenever 
the  arbitrary  choice  of  a  property  of  a  substance  enters  into  the  choice 
of  a  unit,  the  unit  itself  becomes  fundamental.  Thus  the  calorie 
depends  on  the  thermal  capacity  of  water;  the  unit  magnetic  pole 
depends  on  the  magnetic  property,  of  air,  etc. 

Derived  Units,  (jeometrical  units,  such  as  area  and  volume, 
are  derive<l  from  the  unit  of  length.  That  is,  areas  are  measuretl  in 
square  centimeters,  and  volumes  in  cubic  centimeters,  involving  units 
of  the  secorul  and  third  degree  with  reference  to  the  unit  of  length. 
We  say  that  an  area  has  a  dimension  of  2  and  a  volume  of  3  in  terms  of 
a  length.  Put  algebraically,  an  area  may  be  expressetl  as  Z.',  and  a 
volume  as  L'  in  terms  of  a  length  L.  in  mechanics  we  use  derived 
units  dejx'nding  on  length  L,  mass  J/,  and  time  T.  Thus  vehx-ity, 
which  may  Ix?  measureil  by  the  ratio  of  length  ami  tiin*',  has  as  dimen- 
sioi»s  L T  \  and  acceleration  L T*.  Force  is  more  complicatetl  and 
nmy  l)e  defined  in  terms  of  the  acceleration  of  a  ma«s.  Tlie  dinien- 
sions  of  force  are  then  />  J/  T  '.  The  CG.S,  unit  of  force  is  call e<l  the 
dyne.  Work  aiul  energy  may  Ix'  measurtHi  in  terms  of  force  exi'rte«i 
through  space,  and  the  unit,  ecjual  to  one  dyne  acting  tlirough  one 

Copf right,  tSM,  Amtrieam  School  of  Corrttfamdtme*. 
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centimeter,  is  called  the  erij.  The  dimensions  of  the  erg  are  L^  3/ T'^ 
In  the  same  way  power  (time  rate  of  doing  work)  may  be  expressed 
in  ergs  per  second.  This  unit  of  power  is  so  small  that  for  practical 
purposes  we  use  the  watt  which  is  10,000,000  ergs  per  second.  Even 
the  watt  is  small  and  so  we  frequently  use  the  kilowait  (o^e  thousand 
watts)  for  measurement  of  power.  As  we  shall  see  later,  the  watt  is 
used  also  for  the  measurement  of  power  for  electric  circuits.  Besides 
the  C.  G.  S.  units  we  use  many  units  which  are  multiples  or  sub- 
multiples  and  so  are  related.  For  example,  we  use  the  meter  (100 
centimeters)  and  the  kilometer  (100,000  centimeters)  and  the  milli- 
meter (0.1  centimeter).  Evidently  the  meter  was  intended  to  be  the 
fundamental  unit,  the  centimeter  and  the  millimeter  subraultiples, 
and  the  kilometer  a  multiple;  but  in  the  C.  G.  S.  system  the  meter 
becomes  a  multiple  of  the  fundamental  unit. 

In  electrical  measurements  the  unit  of  resistance — the  ohm — 
is  practically  takeh  as  1,000,000,000  C.  G.  S.  units;  the  unit  of  elec- 
tromotive force  (e.  m.  f.)— the  voli—\s  taken  as  100,000,000  C.  G.  S. 
units;  and  the  unit  of  current — the  ampere — is  taken  as  0.1  C.  G.  S. 
unit.  These  units  were  originally  recommended  by,  a  committee  of 
the  British  Association  for  the  advancement  of  science  in  1873,  and 
were  internationally  adopted  at  Paris  in  1881.  The  watt  is  the  prac- 
tical unit  of  power  and  is  equal  to  an  e.  m,  f.  of  one  volt  multiplied 
by  a  current  of  one  ampere.  If  the  current  is  constant  the  product  of 
current  and  e.  m.  f.  gives  the  power.  If  the  current  is  not  constant, 
the  average  product  of  current  and  e.  m.  f.  gives  the  average  power. 
As  we  shall  see  later  in  the  case  of  alternating  currents,  the  readings 
of  alternating-current  voltmeters  and  ammeters  cannot  be  multiplied 
together  to  get  the  power;  but  an  instrument  called  a  wattTneter  must 
be  used.  The  wattmeter  gives  the  correct  result.  The  watt  is  10,- 
000,000,  i.  cW  C.  G.  S.  units. 

The  unit  of  charge  (or  quantity) — the  coulomb — is  the  quantity 
of  electricity  equal  to  a  flow  of  one  ampere  for  one  second.  The 
coulomb  is  0.1  C.  G.  S.  unit.  The  farad  is  the  unit  of  capacity. 
A  condenser  has  one  farad  capacity  if  it  can  store  one  coulomb  with 
a  potential  difference  of  one  volt  at  its  terminals.  Potential  difference, 
like  e.  m.  f.,  is  practically  measured  in  volts.  At  higher  potential 
differences  a  condenser  takes  a  proportionately  higher  charge.  The 
farad  is  a  very  large  capacity  and  condensers  are  practically  rated 
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in  niicrufarads,  /.  e./\u  inillioiiths  of  a  farud.  The  henry  is  the  unit  of 
inductance.  When  a  current  Is  started  in  a  coil  of  wire  a  magnetic 
field  is  producefJ.  This  rwjuires  more  e.  m.  f.  than  to  maintain  the 
current  when  once  started.  If  the  coil  nnjuires  one  volt  more  to  in- 
crease the  current  at  the  rate  of  one  ani|H're  jht  second  than  to  main- 
tain it,  we  say  the  in<hictance  of  the  coil  is  one  henry.  The  henry  is 
1 ,0()0,000,0()0,  ;.  e.,  10»  C.  G.  S.  units.  These  practical  units  art*  all 
related,  as  is  seen  above,  to  the  C  (J.  S.  units  by  factors,  of  powers 
of  10.  There  are  other  units  in  the  electro-magnetic  system  for  which 
the  reader  is  referred  to  more  advanced  works. 

Relation  of  C.  G.  S.  to  British  Units.  To  reduce  British  to 
C.  G.  S.  units  and  vice  verml,  we  make  use  of  the  relations  between 
them.  One  inch  equals  2.54  centimeters;  one  pound  mass  equals 
453.59  grams  mass;  and  a  like  relation  between  pounds  weight 
(force)  and  grams  weight.  The  second  of  mean  solar  time  is  the 
same  in  Ijoth  systeuLs.  It  should  be  kept  in  mind  that  for  equal 
quantities  the  numlxT  of  units  is  inversely  proportional  to  the  size 
of  the  unit. 

ELECTRICAL  MEASURING  APPARATUS 

Galvanometers.  In  the  year  1819  Oersted  discovered  that  a 
current  Howing  through  a  conductor  pro<lucc<l  an  effect  on  a  magnet. 
This  effect  is  now  explained  by  saying  that  lines  of  force  surround  the 
conductor,  and  that  the  north  pole  of  the 

magnet  tends  to  move  along  the  lines  of      * 

force  in  one  direction  and  the  south  pole 

in    the    opposite    direction.      In   other 

words  the  magnet,  if  free  to  move,  tends 

to  take  a  direction  across  the  conductor. 

In  the  case  of  a  long,  straight  wire  the 

lines  of  force  are  circumferences  of  cir-  d^^^ 

cles  with  the  conductor  at  the  center.       pj^  ,    oersted. Expertmeni. 

The   force  on    the  magnet  pole  in  this 

case  falls  off  in  pro|H)rtion  to  the  increase  in  the  distance  from  the 

center  of  the  conductor;   i.  e.,  the  force  is  inversely  proportional  to 

the  distance.     If  the  magnet  is  aln*ady  in  a  magnetic  field,  such  as 

that  of  the  earth  for  instance,  a  curn>nt  in  a  north  and  south  win* 

above  or  Ix'low  the  magnet,  tends  to  turn  the  magnet  away  from  tlie 
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magnetic  north  and  south,  the  tangent  of  the  angle  through  which  it 
Uirnti  being  proportional  to  the  current,  Fig.  L  The  effect  of  a  single 
wire  is  small  unless  the  current  is  very  large. 

Tangent  Galvanometer.  If  the  conductor  is  wound  in  a  coil 
whose  plane  is  north  and  south  and  vertical/the  effect  on  a  magnet  at 
the  center  is  multiplied  many  times,  Fig.  2.  Such  an  instrument  is 
called  a  tangent  galvanometer.  If  the  thumb  of  the  right  hand  is 
placed  along  the  outside  of  the  conductor  pointing  in  the  direction 


Fig.  2.    Tangent  Galvanometer. 


Fig.  3.    Diagram  of  D' Arson val 
Galvanometer. 


of  the  current,  the  fingers  of  the  hand  may  be  curled  around  the  con- 
ductor and  will  point  in  the  direction  toward  which  the  north  pole  of 
the  magnet  will  be  urged  by  the  field  produced.  A  similar  arrange- 
ment of  the  left  hand  will  indicate  the  direction  in  which  the  south 
pole  will  be  urged. 

D'Arsonval  Galvanometer.  If  the  magnet  is  fixed  and  the  coil 
free  to  turn,  the  latter  will  turn  in  the  reverse  direction.  If  the 
magnet  is  of  the  horse-shoe  type  with  the  coil  of  wire  between  the 
poles  a  similar  rule  will  determine  the  direction  of  motion.  Gal- 
vanometers of  the  moving  coil  type  were  invented  by  D'Arsonval 
and  Deprez,  and  are  usually  called  jyAraonval  galvanometers, 
Fig.  3. 
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Fig.  4.  Aatalic  SyHtem. 


Aittaiic  Galvanometer.  An  improveinent  may  be  made  in  the 
tangent  galvanometer,  if  greater  .sen.sitivene?w  is  desired,  by  mounting 
on  tlie  same  siip|K)rt  two  magnets  of  nearly  but  not  quite  cfpial 
strength,  care  iK'iiig  taken  to  turn  the  poles  in  exactly  opposite  direc- 
tions. This  is  very  important.  One  mag- 
net is  placed  at  the  center  of  the  coil  through 
which  the  current  is  sent  and  the  other 
magnet  is  above  or  below  the  coil  and  in- 
fluenced relatively  little  by  the  current,  Fig. 
4.  The  directive  action  of  the  earth's 
magnetic  field  is  little  on  such  a  system — 
cailetl  astatic — and  a  small  current  conse- 
(puMitly  turns  the  system  more  easily  from  the  magnetic  meridian.  A 
similar  efTwt  is  pr(Kluce<i  if  part  of  the  coil  is  about  one  magnet  and 
tiie  rest,  with  reversed  direction  of  the  current,  about  the  other  mag- 
net. Another  way  to  produce  an  equivalent  eflFect  on  a  single,  sus- 
|)ended  magnet  is  to  mount  a  powerful  control  magnet  near  by 
(above,  below,  or  behind)  so  as  to  reduce  to 
a  very  small  amount  the  magnetic  field  due 
to  the  earth  and  the  control  magnet  at  the 
center  of  the  coil. 

An  extremely  sensitive  galvanometer  may 
be  made  by  combining  the  control  magnev 
with  the  astatic  system  of  magnets.  The 
magnet  (or  system  of  magnets)  of  tangent 
and  astatic  galvanometers  is  suspended  gen- 
erally either  by  a  fine  silk  or  quartz  fiber. 
The  current  is  led  into  and  out  of  the  coil  of 
the  D'Arsonval  galvanometer  through  two 
wires,  both  above  in  the  bifilar  suspension, 
one  above  and  one  below  in  the  unifilar  sus- 
pension. 
Ix*ss  sensitive  galvanometers  may  have  their 
moving  parts  mounted  on  pivots  or  other  licjirings,  and  in  such  gal- 
vanometers of  the  D'Arsonval  ty|H'  flu*  current  is  brought  in  and  out 
through  spiral  springs  which  (cud  to  hold  the  coil  in  its  zen)  [Kjsition, 
Fig.  6.  Galvanometers  of  this  type  are  usetl  for  ammeters — to  meas- 
ure amperes  of  current;. or  for  voltmeters  —  to  measure  e.  m.  f.  in 


Fig.  5.    Set'Uon  of  Siispvu 

slon  or  Portable  Ual- 

%'auotuel«r. 
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volts.  Such  instruments  are  provided  with  some  damping  arrange- 
ment so  that  they  come  to  rest  quickly.  The  deflection  of  such 
galvanometers  is  indicated  by  a  pointer  moving  on  a  scale.  If  the 
poles  of  the  magnet  are  properly  shaped  the  deflection  may  be  made 
proportional  to  the  current  passing. 

Mirror  Galvanometers.     Very  sensitive  galvanometers  must  be 
made  with  moving  parts  of  little  weight.     It  is,  however,  very  desirable 


Fig.  6.    Thomson  Mirror  Oalvanometer  with  Lamp  and  Scale. 

that  the  pointer  be  very  long  so  that  a  large  number  of  scale  parts 
may  correspond  to  small  deflections.  This  may  be  accomplished  by 
using  a  pencil  of  light  rays  for  a  pointer,  as  shown  in  Fig.  6,  which 
illustrates  the  lamp-and-scale  method,  in  which  a  lamp  is  placed 
behind  a  slit  in  a  screen  on  which  the  scale  is  mounted.  A  concave 
mirror  carried  on  the  moving  part  of  the  galvanometer  focuses  an 
image  of  the  slit  at  the  reference  point  of  the  scale  (usually  the  middle).. 
When  current  passes,  the  mirror  is  deflected,  thus  deflecting  the  rays 
of  light  to  another  part  of  the  scale.  If  the  mirror  turns  through  1°, 
the  image  is  deflected  2°.  In  place  of  a  slit  an  opening  of  another 
form  with  cross  wires  may  be  substituted.  Also  if  desired  the  lamp 
may  be  mounted  at  the  side,  and  its  light  reflected  by  another  mirror 
to  the  mirror  on  the  galvanometer.  In  this  last  case  it  is  more  conven- 
ient to  have  the  scale  printed  on  a  strip  of  translucent  ground  glass  or 
paper,  and  to  view  the  image  through  the  glass  or  paper.  If  a  tele- 
scope is  substituted  for  the  lamp,  an  image  of  the  reference  point  of  the 
scale  may  be  made  to  coincide  with  the  cross  wire  of  the  telescope 
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when  no  current  is  passing,  and  other  parts  of  the  scale  will  take  the 
place  of  the  reference  point  when  a  deflection  is  produced,  Fig.  7. 
In  this  case  a  plane  mirror  may  take  the  place  of  the  concave.  The 
telescoj)e-and-scale  method  is  more  satisfactory  for  very  sensitive 
galvanometers  than  the  lamp-and-scale  method,  though  the  latter, 
usually  used  in  a  darkened  room,  is  easier  on  the  eyes  unless  an  ex- 
cellent galvanometer  mirror  and  telescope  are  used. 

Choice  of  Galvanometers.  In  choosing  a  galvanometer  for  use, 
it  is  desirable  that  the  instrument  should  not  be  too  sensitive  for  the 
experiment.  As  a  nile  the  D'Arsonval  galvanometer  is  the  mast 
satisfactory  galvanometer  for  general  use,  as  it  is  not  much  affected 


Fig.  7.    Ballistic  DArsonval  with  Telescope  and  Scale. 

by  changes  in  the  magnetic  field,  even  if  of  as  great  amount  as  pro- 
duced by  dynamo-electric  machinery  or  moving  of  masses  of  iron  in 
the  neighborhood.  The  astatic  galvanometer  is,  however,  as  a  rule, 
far  more  sensitive  and  for  certain  purposes  must  be  used. 

Use  of  the  Control  Magnet.  In  using  astatic  or  other  galvanom- 
eters with  moving  magnets,  the  use  of  the  control  magnet  is  some- 
times very  puzzling  to  beginners.  The  galvanometer  should  be  set 
up  with  its  coils  in  a  north  and  south  plane.  The  mirror  then  faces  to 
the  west  (or  east  sometimes).  The  control  magnet  is  then  place*! 
in  {Kxsition  as  far  away  as  its  support  will  allow  and  turned  with  its 
north  j)ole  to  the  north.  The  magnets  and  the  mirror  of  the  galvanom- 
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eter,  as  a  nile,  are  somewhat  deflected  because  of  the  presence  of  the 
control  magnet.  If  the  latter  is  slightly  turned  in  one  direction,  the 
tnirror  should  turn  in  the  opposite  direction.  As  the  control  magnet 
Is  brought  nearer,  the  period  of  swing  of  the  mirror  should  increase, 
and  the  sensibility  should  increase  in  a  greater  proportion  (as  the 
square).  If  by  chance  the  control  magnet  is  with  its  south  pole  to 
the  north,  the  mirror  will  turn  in  the  same  direction  as  the  control 
magnet  is  turned,  and  the  period  of  swing  will  decrease  as  the 
control  magnet  is  brought  nearer.  Control  magnets  as  a  rule  have 
the  north  pole  marked  in  some  way,  so  that  there  is  no  need  for 
any  mistake.  "When  the  control  magnet  is  brought  so  close  that 
the  effect  of  the  earth's  field  is  overcome,  the  magnets  and  mirror 
of  the  galvanometer  will  try  to  turn  half  way  around,  thus  turning  the 
back  of  the  mirror  to  the  observer,  if  the  construction  of  the  galva- 
nometer will  allow.  As  a  rule  it  does  not  pay  to  increase  the  sensitive- 
ness of  the  galvanometer  to  the  highest  possible  limit,  as  the  zero 
reading  will  become  very  easily  influenced  by  slight  magnetic  changes 
due  to  movement  of  small  masses  of  iron,  or  the  currents  in  neighboring 
conductors,  or  even  the  variation  in  the  magnetic  field  due  to  a  cloud 
cutting  the  sunlight  off  from  the  walls  of  a  red  brick  laboratory,  small 
as  such  an  effect  must  be.  If  the  galvanometer  is  of  the  astatic  type, 
it  is  presupposed  in  the  above  that  the  support  for  the  control  magnet 
is  arranged  to  weaken  the  field  of  the  stronger  magnet  of  the  astatic 
pair  more  than  it  does  the  field  of  the  weaker  magnet.  In  some  p>oorly 
adjusted  galvanometers,  the  control  magnet  may  produce  the  con- 
trary result,  and  it  may  be  necessary  to  make  appropriate  allowance. 
If  the  magnets  of  the  astatic  galvanometer  take  an  east  and  west 
position  before  the  control  magnet  is  put  on,  it  is  evident  that  the 
magnets  of  the  astatic  pair  are  not  exactly  in  opposite  directions  and 
that  the  result  is  a  magnetic  system  having  its  effective  or  resultant 
north  pole  about  half  way  between  the  north  poles,  and  its  resultant 
south  p<jle  al)Out  half  way  between  the  south  poles  of  the  two  magnets. 
The  line  jcjining  these  resultant  poles  lies  in  the  magnetic  meridian 
and  the  magnets  of  the  astatic  pair  lie  nearly  east  and  west.  To  cot- 
rect  this  error  in  adjustment  is  a  very  delicate  matter  and  should  not 
be  attempted  by  the  novice. 

Ballistic  Oalvanomctcr.     Wlien  a  charge  condenser  is  discharged 
through  a  circuit  containing  a  galvanometer,  the  galvanometer  de- 
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flectii.  The  period  of  swing  should  be  long  enough  for  practically 
the  whole  charge  to  pass  during  the  eariy  part  of  the  swing.  If  the 
galvanometer  has  a  short  period,  the  return  swing  may  begin  before 
the  discharge  is  complete.  It  may  be  assumed  that  the  first  deflec- 
tion is  a  measure  of  the  quantity  dis<'harged;  but  it  is  evident  that 
this  is  an  error  if  the  discharge  is  slow  in  comparison  with  the  time 
occiipie<l  by  the  deflection.  To  Ik*  on  the  safe  side  the  period  of 
swing  should  be  large.  Galvanometers  which  are  suitable  for  measur« 
ing  discharges  are  called  hallistic.  Depending  on  circumstances, 
their  perio<l  may  be  between,  say,  five  and  twenty  seconds  for  the 
complete  swing.  The  D'Arsonval  galvanometer  may  be  made  with 
high  enough  period  and  sensibility  to  give  satisfaction  as  a  ballistic 
instrument;  but  for  extreme  sensibility  an  instrument  of  the  astatic 
type  is  more  generally  used.  The  D'Arsonval  galvanometer  is  more 
nearly  free  from  the  drift  of  the  reference  point,  which  is  due  mostly 
to  varying  magnetic  field  and  somewhat  to  elastic  fatigue  or  sub- 
jiernianent  set  in  the  suspension.  Freedom  from  drift  is  very  impor- 
tant, as  the  deflection  is  uncertain  in  proportion  as  the  reference  point 
is  in  doubt. 

Damping  of  Vibrations.  The  motion  of  the  moving  system  of  a 
galvanometer  may  be  impeded  by  damping.  This  may  be  accom- 
plished by  mounting  vanes  on  the  system  so  that  the  air  in  an  enclosed 
chamber  impedes  the  motion,  or  by  electromagnetic  damping  pro- 
duced by  eddy  currents  induced  in  metal  moving  in  a  strong  magnetic 
field.  In  D'Arsonval  galvanometers  if  the  coil  is  wound  on  a  metal 
frame,  currents  will  be  inducetl  in  the  frame  while  the  coil  is  in  motion. 
Such  damping  ensures  a  speedy  coming  to  rest  after  a  deflection  and  is 
very  helpful,  especially  in  ballistic  galvanometers  where  certainty  of 
zero  is  imjxjrtant.  It  is  evident  that  any  damping  reduces  the  sensi- 
bility of  a  galvanometer.  Some  galvanometers  are  provided  with  so 
nnich  damping  that  on  the  return  swing  the  system  does  not  swing 
pji.Ht  the  zero  or  reference  point.  Galvanometers  without  a  periml  of 
complete  vibration  are  said  to  be  aperiodic  (the  a  denoting  without). 
As  a  rule  galvanometers  have  a  complete  period,  that  is,  they  are 
dani{)ed  less  than  the  aperiodic  galvanometer.  The  effect  of 
damping  is  to  shorten  the  time  and  amplitude  of  the  outward 
[Mirt  of  the  swing  (though  it  lengthens  the  complete  period),  and  to 
this  extent  damping  is  objtn-tionable.    ITiere  are,  however,  counter- 
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balancing  advantages  and  so  for  most  purposes  some  damping  is 
considered  wise. 

Plunger  Type  Instruments  If  in  place  of  the  magnet  of  a  gal- 
vanometer, some  soft  iron  is  substituted  in  such  a  position  that  the 
action  of  the  current  is  to  magnetize  the  soft  iron  and  to  draw  it  into 
a  stronger  part  of  the  magnetic  field,  we  have  a  current  indicator  of 
the  plunger  type.  The  coil  frequently  takes  the  form  of  a  solenoid 
and  the  soft  iron  that  of  a  rod  which  is  drawn  by  the  action  of  the 

current  into  the  solenoid. 
The  restraining  force 
may  be  gravitational  or 
that  of  a  spring.  Such 
an  instrument  is  shown 
in  Fig.  8.  It  is  evident 
that  the  direction  of  the 
deflection  does  not  de- 
pend on  the  direction  of 
the  current.  In  fact, 
plunger  type  instruments 
may  be  used  to  measure 
alternating  currents. 
There  are  many  possible 
variations  of  this  type  of 
instrument.  As  the  iron 
has  a  certain  amount  of  residual  magnetization,  the  deflection  with 
smaller  following  large  currents  is  more  than  would  have  been  pro- 
duced by  the  same  current  following  a  smaller  one.  For  this  reason 
the  plunger  type  of  instrument  is  less  reliable  than  the  usual  types 
of  galvanometers.  The  scale  is  usually  of  unequal  divisions  as  the 
pull  increases  more  rapidly  than  the  current. 

Electrodynamometers.  If  the  magnet  of  a  galvanometer  is  re- 
placed by  a  coil  through  which  the  current  passes  in  series  with  the 
other  coil,  we  have  what  is  known  as  an  electrodynamometer.  As 
in  the  case  of  the  plunger  type  instruments,  the  electrodynamometer 
deflects  in  the  same  direction  for  all  currents  unless  disturbed  by 
being  placed  in  a  magnetic  field  of  outside  origin.  It  is  desirable  to 
set  up  an  electrodynamometer  with  the  moving  coil  (or  coils,  if  more 
than  one)  with  its  axis  (or  their  axes)  along  the  magnetic  meridian. 


Fig.  8.    Diagram  of  Plunger  Instrument. 
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The  disturbing  effect  of  a  permanent  field  is  negligible  when  the 
elec-trodynanionieter  is  used  to  measure  alternating  currents.  For 
direct  currents,  the  action  of  the  outside  field  is 
eliminated  by  reversing  the  connections.  The 
deflection  is  approximately  proportional  to  the 
sfjuare  of  the  current.  For  the  best  types  of 
ekx'tnxlynamometcrs  the  suspended  coil  is 
brought  back  to  its  zero  pasition  by  twisting 
a  torsion  head  which  operates  through  a  spiral 
spring  on  tlie  suspended  coil.  The  current 
in  this  type  of  instrument  is  proportional  to 
the  square  root  of  the  reading  of  the  torsion 
head  necessary  to  restore  the  moving  coil  to 
its  zero  position.  A  direct  current  producing 
the  same  deflection  as  an  alternating  current 
is  said  to  be  the  effective  value  of  the  alter- 
nating current.  Fig.  9  illustrates  the  usual 
type  of  electrodynamometer.  Fig.  10  illus- 
trates another  form  invented  by  Lord  Kelvin 
and  called  a  Kelvin  balance.  The  figure  shows 
tlie  connections  viewed  from  the  back  of  the 
balance.  The  fixed  coil  is  subdivided  into 
four  parts  B,  and  the  moving  coil  into  two 
parts  A,  placed  symmetrically  between  the  parts  of  B.  The  parts  of 
A  are  supported  on  opposite  arms  of  a  balance  and  the  balance  is 
restored  to  its  zero  position  by  displacing  a  weight  along  the  beam. 


^  + 
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Fig.  9.    Kleotrodjmaraom- 
eter  Diagram. 


I   1 -~~~ —  --  >  ■     .    I 


Fig.  10.    Diagram  of  Colls  In  Kelvin  Ilalanco. 

The  action  of  the  current  is  thus  weighed,  and  the  square  of  the  cur- 
rent is  proportioiml  to  the  distance  the  weight  is  moved  along  the 
beam.  The  lieam  is  divided  accurately  into  equal  parts  and  it  is 
possible  to  obtain  the  reading  with  a  high  degree  of  accuracy.    The 
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current  is  proportional  to  the  square  root  of  the  reading.  The  ef- 
fect of  dividing  the  two  parts  of  A  is  to  free  the  instrument  from 
the  disturbing  effect  of  the  earth's  magnetic  field  or  any  other  stray 
field  of  fairly  uniform  intensity. 

Electrometers.  Electrometers  depend  on  the  attraction  be- 
tween electrostatic  charges  of  opposite  signs.  The  only  electrometer 
which  we  shall  describe  is  the  electrostatic  voltmeter  which  consists  of 

fixed  and  movable  me- 
tallic parts  of  relatively 
large  surface.  These 
surfaces  may  be  plane  or 
curved.  The  terminals 
are  connected,  as  a  rule, 
one  to  the  fixed  part  and 
the  other  to  the  movable 
part — the  vane.  These 
parts  take  charges  pro- 
portional to  the  potential 
difference  between  them 
— e.  m.  f .  applied — and  a 
certain  attraction  results 
therefrom.  If  the  vane 
is  allowed  to  move,  the 
electrostatic  capacity  of 
the  combination  in- 
creases somewhat,  thus 
increasing  the  amount  of 
the  charges  and  the  at- 
tractive force.  If  it  is  desired,  the  vane  may  be  brought  back  to  its 
zero  position  by  some  counter  force.  As  a  rule  electrostatic  instru- 
ments are  allowed  to  deflect  and  are  calibrated  by  comparison  with 
other  forms  of  voltmeters.  More  complicated  forms  of  electrostatic 
instruments  may  have  two  sets  of  fixed  surfaces  and  a  movable 
vane.  In  some  cases  a  battery  of  cells  of  known  e.  m.  f.  may  be 
used  to  charge  the  fixed  surfaces,  and  the  e.  m.  f.  to  be  measured  may 
be  applied  between  one  fixed  surface  and  the  vane.  Electrostatic 
voltmeters  are  generally  used  to  measure  high  electromotive  forces. 
Fig.  11  shows  an  electrostatic  voltmeter  of  an  old  type,  which  shows 


Fig.  11.    Electrostatic  Voltmeter. 
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the  general  schoine  more  clearly  thun  Ijetter  uiui  more  complieuted 
electrometers. 

Hot  Wire  Instruments.  If  current  pa.s.s4'.s  tiirough  a  wire,  a 
heating  effect  results  an<l  the  wire  lengthens  In'cause  of  its  rise  in 
temperature.  If  a  pointer  is  held  in  a  position  of  ec]uilibrium  Ijetween 
turning  moments  protluced  by  two  wires  pulling  on  opposite  arms  of 
a  lever,  the  heating  of  one  of  these  wires  by  an  electric  current  will 
pnxluce  a  change  in  the  position  of  equilibrium.  It  is  evident  that 
change  in  the  temperature  of  the  room  affects  both  wires  alike  and 
prtwluces  no  change  in  the  zero  position.  The  deflection  of  a  hot  wire 
instrument  Is  dependent  on  the  square  of  the  current  (as  the  heating 
is  proportional  to  the  square  of  the  current).  For  this  reason  the 
hot  wire  instrument  deflects  in  the  same  direction  for  currents  in  either 
direction  and  for  alternating  currents  as  well.  As  the  effective  value 
of  an  alternating  current  is  €'qual  to  the  stjuare  root  of  the  mean  square, 
it  is  evident  that  a  hot  wire  instrument  calibrated  by  direct  currents, 
will  give  proper  readings  for  alternating  currents  also.  Hot  wire 
instruments  are  made  use  of  as  ammeters  (low  resistance)  and  volt- 
meters (high  resistance).  As  a  rule  hot  wire  instruments  are  used  for 
alternating  currents.  They  are  usually  less  accurate  tlian  electro- 
dynamometers  of  the  l^est  types. 

Wattmeters.  We  have  seen  that  an  electrodynamometCT  has  a 
turning  moment  proportional  to  the  square  of  the  current  passing 
through  it.  If  the  current  passing  through  the  fixed  coil  is  different 
from  that  passing  through  the  movable  coil,  the  turning  moment  will 
be  proportional  to  the  product  of  these  currents.  If  the  power  de- 
livered to  a  line  is  to  be  measured,  the  average  product  of  the  volts 
and  amperes  gives  the  result  in  watts.  The  current  delivered  from  the 
line  to  the  load  may  be  passed  through  one  coil  (usually  of  low  resb- 
tance)  whose  terminals  are  A  and  B,  Fig.  12,  and  the  e,  m.  f.  may  be 
applied  at  the  terminals  of  the  other  coil  (usually  of  high  resistance) 
whose  terminals  are  a  and  6,  and  prfKluce  a  secoiul  current  pro|x>rtional 
to  this  e.  m.  f.  In  order  to  avoid  measuring  the  effect  of  the  pressure 
current  it  is  led  liackward  through  coil  F  shown  in  dotted  line,  thus 
subtracting  its  cfTtH't.  Tlie  instrument  may  be  calibrated  to  read 
watts.  As  a  njle  it  is  easier  to  make  the  seeond  coil  of  nxKlerate  re- 
sistance and  to  insert  a  non-inductively  wound  high  resistance  coil  R 
in  series.     If  the  wattmeter  is  to  i>e  calibrated  bv  tlie  use  of  current 
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Fig.  12.    Diagram  or  Wattmeter. 


and  e.  m.  f.  in  separate  circuits,  the  terminals  i  and  b  are  used.  The 
resi.stance  of  S  is  equal  to  that  of  F.  The  currents  in  both  coils  will 
reverse  if  the  e.  m.  f.  is  reversed,  but  the  deflection  will  be  unchanged, 
'^l^he  average  power  of  a  varying  current  equals  the  average  product  of 
current  and  e.  m.  f. ;  con.secjuently  a  wattmeter  calibrated  with  direct 

currents  gives  correct  results  for  al- 
ternating currents.  If  the  current 
and  e.  m.  f."  are  alternating,  the  mean 
product  will  in  general  be  less  than 
the  product  of  the  effective  values 
of  current  and  e.  m.  f.  (as  measured 
by  A.  C.  voltmeters  and  ammeters); 
consequently  when  dealing  with  al- 
ternating current  and  e.  m.  f.  the 
product  must  be  multiplied  by  a 
factor,  called  the  power  factor,  which  is  usually  less  than  unity,  if 
the  correct  value  is  to  be  computed  from  ammeter  and  voltmeter 
readings.  As  a  rule  the  power  factor  is  found  by  dividing  the  watts 
as  measured  by  a  wattmeter  by  the  product  of  volts  and  amperes. 
Recording  Voltmeters  and  Ammeters.  If  any  of  the  voltmeters 
or  ammeters  described  above  are 
arranged  with  a  pen  which  traces 
a  line  on  a  disk  or  roll  of  paper 
drawn  by  clockwork  past  the  pen, 
the  instrument  will  record  the 
variations  of  e.  m.  f.  or  current. 
There  are  several  good  types  of 
recording  voltmeters  and  am- 
meters on  the  market.  A  re- 
cording ammeter  is  shown  in 
Fig.  13. 

Integrating  Watt=Hour  Me- 
ters. Integrating  meters  show 
the  total  consumption  of  the  thing 
to  be  measured;  for  example,  in- 


Flg.  IS.    Becordlng  Ammeter. 


tegrating  gas  meters  show  the  consumption  of  gas  in  cubic  feet.  In 
the  same  way  an  integrating  watt-hour  meter  (commonly,  though 
inexactly,  called  an  integrating  wattmeter)  shows  the  consumption. 
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of  energy'  in  watt-hours.  Such  an  instrument  is  shown  in  Fijj,  14. 
The  instrument  is  esscMitially  an  electric  motor  geartnl  to  a  train  of 
wiu'cis  moving  hands  over  dials.  TIh*  sikm**!  of  the  motor  is  jmipor- 
tional  to  the  power  in  watts,  ami  the  product  of  the  avenige  |)ower  and 
the  time  in  hours  (that  is,  watt-hours)  is  indicate<J  hy  the  change  in 
the' position  of  the  hands  on 
the  dial  since  the  last  reading. 
To  give  correct  reatlings  the 
diiving  motor  must  be  de- 
sigmnl  for  the  circuit  on  which 
it  is  used.  The  essential  fac- 
tors of  the  circuit  are  the  e.  m. 
f.,  maximum  current,  whether 
direct  or  alternating  current  is 
used,  etc.  In  a  tiiree-wirc  sys- 
tem a  single  meter  may  I.e 
designed  to  measure  the  power 
of  the  two  or  three  circuits  in- 
volved. 

Integrating  Ampere-Hour 
Meters.  An  integrating  am- 
pere-hour meter  (commonly  called  integrating  ammeter)  is  similar  to 
the  watt-hour  meter.  It  is  use<l  generally  in  connection  with  storage 
batteries  to  keep  account  of  the  charge  and  discharge.  It  is  of 
little  general  use. 

Rheostats  and  Resistance  Coils.  The  word  rheostat  means  an 
apparatus  for  stopping  the  current.  In  actual  fact  it  does  not  wholly 
stop  the  current,  but  only  reduces  it  to  a  desired  extent.  Every 
material  interposes  some  resistance  to  the  flow  of  an  electric  current. 
Substances  interposing  extremely  high  resistance  are  known  as  insula- 
tors, and  thase  interposing  rekitively  little  resistance,  as  conductors. 
Metals,  as  a  rule,  arc  the  Invst  con<luctors.  The  metals  most  use<l 
commcBcially  for  cUvtrical  tninsmission  are  copper,  aluminum,  and 
iron  (or  steel).  Alloys  in  general  have  much  higher  resistance  than 
the  metals  of  which  they  are  compose<l.  Carbon  and  solutions  of 
various  salts  have  much  higher  resistance  than  metals.  Rheostats 
may  Ih'  uukIc  of  any  of  these  materials,  but  those  nuxst  generally  use<l 
are  steel  wire  or  sheets,  German  silver  wire  or  other  alloys,  carbon 
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Fig.  16. 


rods  or  plates,  and  solutions  in  tanks  in  which  metal  plates  are  im- 
mersed, the  metal  plates  being  connected  to  the  terminals  of  the  cir- 
cuit. Such  metal  plates  are  known  as  electrodes.  This  last  arrange- 
ment is  usually  called  a  water  rheostat.  Pure  water  has  a  very  high 
resistance  and  is  never  used  in  water  rheostats,  but  the  resistance  may 
be  reduced  as  desired  by  dissolving  salt  in  the  water.     The  m'etal 

plates  are  usually  arranged  so  that 
one  electrode  may  be  brought 
nearer  the  other  when  it  is  desired 
to  increase  the  current.  When  the 
word  rheostat  is  used,  it  is  generally 
understood  that  the  resistance  is 
not  exactly  known.  A  rheostat  is 
shown  in  Fig.  15. 

When  it  is  desired  that  the  re- 
sistance have  a  certain  exact  value, 
metals  are  the  only  practical  ma- 
terials to  use.  Coils  of  wire  ex- 
actly adjusted  are  called  resintauce 
coils.  They  are  adjusted  to  certain 
values  in  ohms.  For  very  low  resistances,  e.  g.,  small  fractions  of  an 
ohm,  metal  strips  may  be  used.  As  most  pure  metals  increase  their 
resistance  with  increase  of  temperature  by  about  0.4%  per  degree 
centigrade,  resistance  coils  are  almost  always  made  of  certain  alloys 
which  change  little  in  resistance  with  change  in  temperature.  One 
alloy  in  particular,  manganin,  changes  so  little  iti  resistance  with 
change  in  temperature  that  it  is  usually  chosen  for  standard  resistance 
coils.  Figs.  16  and  17  show  standard  resistances  in  the  form  of  a  coil 
and  a  strip.  As  mentioned  above  alloys  have  relatively  high  resistance 
and  for  this  reason  also  the  alloy  manganin  is  preferable  to  any  pure 
metal  for  resistances. 

Lamp  Rheostats.  A  very  convenient  form  of  carbon  rheostat 
is  a  bank  of  incandescent  lamps.  The  usual  16  c.  p.  lamp  for  a  110- 
vblt  circuit  has  a  resistance  when  hot  of  about  220  ohms.  Its  resist- 
ance when  cold  is  about  twice  as  much.  Carbon  and  solutions, 
unlike  metals,  are  better  conductors  when  hot  than  cold.  It  is  evident 
that  incandescent  lamps,  In^cause  of  their  change  in  resistance  from 
cold  io  hot,  are  not  suitable  for  standard  resistances.     If  two  lamps 


Rheostat  for  Varying  the  Cur- 
rent in  Any  Circuit. 
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are  arranged  in  series,  i.  e.,  if  the  current  is  made  to  pass  through  one 
after  the  other,  the  resistance  of  the  combination  is  twice  that  of  a 
single  lamp.  On  the  other  hand  if  the  I.nnps  arc  connected  in  parallel, 
i.  e.,  if  the  cur- 
rent divides  lie- 
tween  them,  the 
resistance  of  the 
combination  is 
only  half  of  that 
of  a  single  lamp. 
This  result  is 
evident  as  the 
same  c.m.f.  pro- 
duces twice  as 
much  current  in 
two  lamps  as  in 
a  single  one.  In 
the  same  way 
ten  lamps  in 
parallel  have  a 

coml)ine<l    resistance    only    one-tenth  as  much  as  a  single    lamp. 

Multiplying  Power  of  Shunts.    The  word  shunt  is  the  British 

name  for  a  side  track  (or  as  we  would  call  it,  switch)  on  a  railway. 

Any  electrical  side  path 
is  called  a  shunt.  If  the 
current  has  two  or  more 
paths  in  parallel  offered 
to  it,  the  current  divides 
in  inverse  proportion  to 
the  resistance  or,  as  more 
simply  expresse<l,  in  di- 
rect proj)ortion  to  the 
ccmductivity  of  the  various  paths.  Thus  if  a  galvanometer  has 
a  shunt  across  its  terminals  whose  resistance  is  one-ninth  of 
that  of  the  galvanometer,  nine  times  as  much  current  will  go 
through  the  shunt  as  through  the  galvanometer  and  conse<|uently 
only  one-tenth  of  the  current  will  go  through  the  latter.  The  total 
current  is  then  ten  times  the  current  through  the  galvanometer  and  we 


Fig.  Id    A  Stuidard  Resistance  Coil. 


FlR.  17.  'A  Suindard  ReRt.stan?e  Strip. 
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say  that  the  muUiplying  power  of  the  shunt  is  ten.  If  the  galvanom- 
eter has  a  shunt  of  one  ninety-ninth  of  the  former's  resistance,  one 
one-hundredth  of  the  current  will  pass  through  the  galvanometer  and 
the  multiplying  power  of  the  shunt  will  be  one  hundred.     In  general, 

if  .the  resistance  of  the  shunt  is of  that  of  the  galvanometer, 

the  multiplying  power  of  the  shunt  will  be  w.  The  evident  effect  of 
thp  shunt  is  to  reduce  the  resistance  of  the  galvanometer  circuit  to 

—  of  its  former  value,  i.  e.,  to  —   of  the  resistance  of  the  galva- 

nometer  itself;  the  resulting  fall  of  potential  over  the  galvanometer 

and  shunt  is,  therefore,  only  —  as  much  as  if  the  shunt  were  not 

there.  Galvanometers  are  provided  by  their  makers,  if  desired,  with 
shunts  having  a  multiplying  power  of  10,  100,  and  1,000,  marked  to 
go  with  the  particular  galvanometer.  It  is  evident  that  the  usual 
shunt  cannot  be  used  with  other  galvanometers  without  recalculation 
of  its  multiplying  power,  which  under  such  circumstances  would 
probably  be  some  inconvenient  number. 

Professor  Ayrton  has  devised  a  form  of  shunt  box  with  extra 
resistance  which  is  automatically  connected  in  series  in  proper  amount 
to  keep  the  total  resistance  constant  but  allowing  only  -j\,  y^^,  or 
TirVir  of  the  current  to  pass  through  the  galvanometer. 

OHM'S  LAW 

In  1827,  Dr.  G.  S.  Ohm  of  Berlin  published  a  treatise,  now 
famous,  entitled  The  Galvanic  Circuit  Investigated  Mathematically, 
in  which  he  announced  the  fundamental  law  of  electric  circuits  now 
known  as  Ohm's  law.  This  is  usually  stated  in  the  algebraic 
formula : 

^        R 

In  words,  the  current  (in  amperes)  equals  the  e,  m.  f.  (in  volts) 
divided  by  the  resistance  (in  ohms).  It  is  truly  a  surprising  fact  that 
the  resistance  of  an  electric  circuit  is  a  constant  not  dependent  on  the 
current  passing.  Many  experimenters  have  tried  in  vain  to  find  any 
inaccuracy  in  Ohm's  law.  If  any  two  of  the  three  quantities  involved 
are  known,  the  third  may  be  found  by  solving  the  equation.     Thus, 
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I  =  ^    n  ^   ^',  a,„I  /.;       /  n 

As  will  Ik*  set'ii  Inter,  one  of  the  most  eoiiveiiient  inetluKls  of 
measuring  low  resistances,  as  of  a  dynunio  urnmture,  is  a  simple 
application  of  Ohm's  law. 

MEASUREMENT  OF  RESISTANCE 

Resistance  Boxes.  Measuronient  of  resistance  is  made  by  com- 
parison with  certain  standards  of  known  resistance,  the  different 
methods  of  measurement  varying  to  a  great  degree.  The  standard 
resistance  coils  are  made  of  such  alloys  as  manganin — an  alloy  of 
manganese  cop|)er  and  nickel — which  has  a  high  specific  resistance 
and  changes  its  resistance  with  rise  in  temperature  to  a  much  less 
extent  than  other  metals.  It  is  of  course  desirable  that  this  change 
should  be  as  small  as  possible.  The  size  and  length  of  the  coils  are 
such  that  they  have  resistances  of  a  definite  numlx-r  of  ohms  at  a 
certain  temperature.  The  coils  are  insulated  with  sijk  or  paraffined 
cotton  and  are  very  carefully  wound.  Each  wire  is  doublet!  on  itself 
before  being  coiletl  up,  and  then  wound  as 
shown  at  A  and  B  in  Fig.  18;  or,  as  is  some- 
times preferre<l,  the  wire  may  be  wound 
single  in  layers,  the  direction  of  winding 
being  reversed  for  alternate  layers.  In- 
ductance and  capacity  effects  are  by  these  p,^  ,g  Resisuance  Box  coiu 
means  reduced  to  a  minimum.  The  ends  of  '^'*"**"^Sd";2.**"""* 
the  coils  are  solderetl  to  brass  pieces  as  C,  D, 

E.  Removable  conical  plugs  F  and  6'  of  brass  are  made  to  fit  accurately 
between  the  brass  pieces.  When  these  are  inserted  as  shown,  the  coils 
will  be  short  circuited  and  a  current  will  pass  directly  through  C,  F, 
Dy  G,  and  E  without  going  through  the  coils.  If  F  is  withdrawn  the 
coil  A  will  then  Ik*  inserted  in  the  circuit;  if  6'  is  also  withdrawn  then 
coils  .1  and  B  will  lK>th  be  insertetl,  as  the  current  cannot  pass  from 
C  to  E  without  going  through  the  coils. 

Resistance  boxes  are  constructed  consisting  of  a  large  numlx'r 
of  resistance  coils,  and  of  such  resistances  that  by  withdrawing  plugs 
varying  resistances  may  be  built  up.  A  common  form  of  resistance 
box  has  coils  of  the  following  ohms  resistance:  1,  2,  2,  5,  10,  20,  20, 
50,  100.  200,  200,  500,  1,000,  2,000.      A  resistance  of  497  ohms 
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could  be  made  up  by  withdrawing  plugs  corresponding  to  the  coils 
200  +  200  +  50  +  20  +  20  +  5  +  2  =  497,  or  768  by  coils  500  + 
200  +  50  +  10  +  5  +  2  +  1  =  768. 

Resistance  by  Substitution.  By  Ohm's  law  the  greater  the 
resistance  inserted  in  a  circuit  the  less  becomes  the  current,  provided 
the  e.  m.  f.  remains  constant.  This  gives  us  a  simple  although  not 
very  accurate  method  of  measuring  electrical  resistance.  If  a  battery 
of  constant  e.  m.  f.,  the  unknown  resistance,  and  a  simple  galvanom- 
eter are  connected  in  series,  the  strength  of  the  current  passing  will 
be  indicated  by  the  latter.  Suppose  the  unknown  resistance  to  be 
replaced  by  known  resistances,  enough  resistance  coils  being  inserted 
so  that  the  deflection  of  the  galvanometer  needle  is  the  same  as  when 
the  unknown  resistance  was  in  circuit.  The  current  will  then  be 
the  same,  and  as  the  e.  m.  f.  remains  unchanged,  the  resistances 
must  be  equal  in  each  case.  The  sum  of  the  known  resistance  coils  in- 
serted will  then  be  equal  to  the  unknown  resistance. 

The  advantages  of  this  method  are  that  it  is  rapid,  and  that  only 
crude  apparatus  is  required,  as  the  galvanometer  and  resistance 
box  can   be  very  simple  in  form.     The  Resistance  of  the  battery 

and     galvanom- 
B  eter    should     be 

but  a  few  ohms, 
otherwise  small 
resistances  can- 
not be  measured 
closely.  Only 
small  currents 
should  be  used  so 
that  the  error 
fromheatingmay 
be  negligible. 
Wheatstone's  Bridge.  All  ordinary  measurements  of  resistance 
are  usually  made  by  use  of  a  Wheatstone's  bridge. 

The  principles  of  this  instrument  will  be  understoo<l  from  Fig. 
19.  There  are  four  arms  to  the  bridge  with  the  resistances  M,  N, 
X,  and  P.  From  the  points  of  junction  A  and  C,  wires  connect  with 
a  battery  E.  A  galvanometer  G  is  connected  between  the  junction 
points  B  and  D.    The  current  from  the  battery  divides  at  A  and 


Fig.  I'J.    Theoretical  Diagram  of  a  Wheatstone's  Bridge. 
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passes  through  the  resistances  M  and  A',  and  N  and  P,  uniting  again 
at  C.  The  fall  of  potential  between  A  and  C  must  of  course  be  the 
same  in  amount  thwugh  the  resistances  M  and  A'  as  through  N  and 
P.  If  no  current  pas,ses  through  the  galvanometer  then  the  points 
li  and  D  will  Ik*  at  the  same  potential,  and  then*  will  Ik*  the  same  fall 
of  potential  in  the  resistances  M  and  N,  and  in  the  resistances  X 
and  P.  Under  these  circumstances  the  ratio  of  the  resistances  of 
M  to  N  will  Ix*  the  same  as  A'  to  P,  or 

M_   X 

N  ~  P 
If  3/,  N,  and  /*  an*  known  resistances,  the  resistance  of  A'  is  readily 
found  bv  (lir  formula, 

The  uiethiHl  of  using  thr  bridge  will  bt*  InMter  understcMnl  from 
Fig.  20.  The  bridge  arm  M  has  coils  of  1,  10,  1(K)  ohms  resistance, 
and  arm  N,  coils 
10,  im,  1,0(X). 
The  series  of 
coils  P  for  ob- 
taining a  balam*e 
usually  has  n-- 
sistances  of  1 ,  2, 
2,  5,  10.  20,  20, 
50,100,200,200, 
500,  1,IX)0,  2,000 
ohms,  but  coils 
up   to  100  only 

are  shown.  There  is  a  key  A' in  the  galvanometer  circuit  and  a  key 
//  in  the  Ixittery  circuit.  The  battery  key  //  should  always  be 
closed  before  the  galvanometer  key  K,  and  should  be  kept  closed 
until  after  K  is  opened.  This  not  only  insures  steadiness  in  all 
currents  when  the  galvanometer  circuit  is  closed,  but  also  protects 
the  galvanometer  from  self-induction  currents  which  wouhl  occur  if 
the  battery  circuit  were  closed  after  that  of  the  galvanometer.  A 
double  successive  contact  key,  Fig.  21,  may  with  advantagi*  Ix*  suIh 
stitutcfl  for  the  two  singlr  keys,  thus  insuring  that  the  Iwttery  and 
galvanometer  brunches  will  be  clo:>cd  and  opened  iu  the  proper  ae- 


rig.  so. 


Diagram  Showing  Method  of  Making  Bridge 
Measurumcnts. 
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quence.  A  reflecting  galvanometer  is  used  for  accurate  measurement 
In  making  a  measurement  of  an  unknown  resistance  it  is  first 
necessary  to  gain  a  knowledge  of  its  approximate  resistance.  For 
this  purpose  the  l(X)-ohm  plug  is  withdrawn  from  both  arms  M 
and  N,  the  unknown  resistance  being  connected  at  X.  The  ratios 
of  M  to  N  will  then  be  unity,  and  hence  for  a  l:)alance  the  number 
of  ohms  required  in  the  resistance  coils  P  will  be  the  same  as  the 
resistance  X.  The  1,000-ohm  plug  in  P  should  first  be  drawn  and 
the  keys  depressed  in  their  proper  order  for  an  instant  only.  The 
galvanometer  needle  or  mirror,  as  seen  by  the  light  reflected  on  the 


Fig.  24.    4-Point  Contact  Key. 

scale,  is  deflected — say  to  the  right,  and  the  resistance  is  probably  too 
large.  The  plug  is  replaced  and  the  1-ohm  coil  withdrawn.  On 
depressing  the  keys  suppose  the  spot  of  light  is  deflected  to  the  left. 
Then  the  1  ohm  is  too  small  and  the  1,000  ohms  too  large;  also  in 
this  case  deflections  to  the  right  mean  that  the  resistance  inserted  is 
too  large,  and  to  the  left,  that  the  resistance  inserted  is  too  small. 
The  1-ohm  plug  is  now  replaced,  and  500,  200,  etc.,  are  successively 
tried  until  it  is  found  that  12  ohms  is  too  large  and  11  ohms  too 
small,  that  is,  the  unknown  resistance  is  between  11  and  12  ohms. 
Suppose  that  it  is  desired  to  find  the  correct  value  of  the  unknown 
resistance  to  the  second  place  of  decimals.  The  ratio  of  the  arms 
M  to  N  must  then  be  changed  so  that  the  resistance  coils  P  will  have 
a  value  of  between  1,100  and  1,200  ohms  when  a  balance  is  obtained. 
The  ratio  of  A'  to  P  will  then  be  11  to  1,100  approximately,  or  about 
1  to  100.  To  obtain  a  balance  the  ratio  of  the  arms  M  to  N  must  also 
be  1  to  100.  Hence  the  100-ohm  plugs  first  withdrawn  are  replaced 
and  the  10-ohm  plug  withdrar\vn  from  M  and  the  1,000-ohm  plug 
from  N  giving  the  r(H|uired  ratio.  The  same  ratio  could  be  obtained 
by  withdrawing  the  1-ohm  plug  in  M  and  the  100-ohm  plug  in  N. 
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•  The  bridge  is  now  arranged  for  the  final  nieasurenient.  As  the 
resistance  in/*  will  now  Ix'  over  \,\(U)  olims,  the  1, ()()()-  and  l(M)-<)hra 
phigs  are  first  removed.  Suppase  the  50-ohin  phig  to  be  also  removed, 
and  a  <lefle<*tion  to  the  right  shows  that  this  is  too  great.  ITie  phig 
is  rephice<I  anil  20  withdrawn,  which  proves  to  l)e  Uh)  small.  'Hic 
next  twenty  plug  is  also  withdrawn  and  a  deflection  to  the  left  shows 
the  resbtance  to  be  still  too  small.    The  .5-,  2-,  and  2-ohm  plugs  are 


successively  witlulrawn,  the  last  two  ohms  proving  to  Ix;  too  great. 
This  is  replaced  and  the  l-t)hm  plug  withdrawn,  and  supjKKse  no 
deflation  is  then  obtained.  The  total  numlMT  of  ohms  in  P  is  now 
1,(HK)  +  KK)  +  20  +  20  +  5  +  2  -f  1  =  1,14.S.  The  value  of  A'  is 
therefore  yUy  X  1,148  =  11.48  ohms. 

'Hie  al)ove  example  illustrates  the  gencnil  mctluxl  of  using  the 
bridge.  Usually  the  resistance  to  Vw  measurctl  is  known  approxi- 
mately and  the  rtHjuirevi  ratio  Ix'twetMi  M  and  A'^  cjin  Ix*  deterniinetl 
without  making  a  preliminary  measurement.  Hie  |xxssible  changes 
in  the  ratio  U'twirn  M  ami  .V  gives  the  bridge  a  great  range  of 
mcasiireimiif.     \Vheii  .1/  is  1  and  A'  is  1  ,(KN)  ohms,  measurements  of 
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resistance  as  small  as  .DOl  ohm  may  be  made.  Bridges  are  usually 
arranged  with  a  reversing  key  so  that  M  and  N  may  be  interchanged, 
hence  M  could  be  1,000  and  N  1,  and  measurements  of  resistance  as 
high  as  4,110,000  ohms  could  be  made  with  the  bridge  we  have  con- 
sidered. 

Portable  Testing  Set.  There  are  many  different  varieties  of 
bridges  and  their  form  always  differs  from  tliat  of  the  diagrams  in 
Figs.  19  and  21.  A  portable  testing  set  including  Wheatstone's  bridge, 
galvanometer, battery, and  kcys,is  illustrated  in  Fig.  22.  The  rheostat 
of  the  bridge  is  made  up  of  coils,  16  in  number,  of  den^>minations 
1,  2,  3,  4,  10,  20,  30,  40, 100,  200,  300,  400,  1,000,  2,000,  3,000, 4,000 
ohms — 11,110  ohms  in  all.  Bridge  coils  are  1,  10,  and  100  on  one 
side  and  10,  100,  and  1,000  on  the  other.  A  reversing  key  admits  of 
any  ratio  being  obtained  in  either  direction  so  that  the  range  of  the 

set  is  from  .001  to  11,110,000  ohms.  It 
is,  however,  impossible  to  construct  a 
portable  galvanometer  of  sufficient  sensi- 
tiveness for  these  measurements,  and  the 
Fig.  23.  Reversing  Keys.  actual  limits  are  from  .001  ohm  to  300,- 

000  or  400,000  ohms. 
The  reversing  key,  shown  in  Fig.  23,  consists  of  the  blocks  M,  iV", 
P,  and  A'  and  two  plugs  which  must  both  lie  on  one  diagonal  or  the 
other.  The  blocks  are  cojuiectod  with  the  resistances  indicated 
by  their  letters.  In  the  left-hand  figure  M  is  connected  with  A'  and  N 
with  P,  and  the  bridge  arms  have  the  relation 

N  =  -p-  °r^^=  jv^^-P 

In  the  right-hand  figure  M  is  connected  with  P  diu\  N  with  X,  the 
bridge  arms  then  having  the  relation 

The  advantages  of  having  a  reversing  key  in  the  bridge  arms  are: 
the  increase  in  range  obtained,  six  coils  being  made  to  do  the  work  of 
eight,  and  also  that  any  error  in  the  initial  adjustment  of  the 
bridge  arms  can  be  detected  by  having  the  two  arms  ecpial,  bal- 
ancing and  reversing.  Unless  the  resistance  of  the  coils  inserted  in 
M  and  N  are  exactly  ecjual,  the  system  will  be  unbalanced  after  r^ 
versing. 
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lljc  galvanometer,  the  needle  and  scale  of  which  are  shown  at 
the  left  in  Fig.  22,  is  of  the  D'Arsonval  type,  and  the  coil  is  mounted 
in  jewels.  As  this  galvanometer  is  not  affected  hy  external  magnetic 
fields  or  electric  currents,  it  is  suitable  for  dynamo  or  shop  testing. 
The  key  for  the  galvanometer  circuit  is  shown  in  front  at  the  right. 

The  bjitter)'  is  made  up  of  chloride  of  silver  celb  mounte<l  in 
the  lH)ttom  of  the  lx)x.  Tlie  cells  will  hist  a  number  of  months  even 
with  daily  use.  Flexible  connecting  cords,  running  from  the  crlls, 
have  their  terminal  sockets  combined  with  small  binding  {x)sts  so 
that  coiniection  may  be  made  to  an  extra  battery  or  other  source  of 
e.  m.  f.  if  desired.    The  left-hand  key  controls  the  battery  circuit. 

A  plan  of  the  connections  of  this  testing  set  is  shown  in  F'ig.  24. 
The  two  lower 
rows  of  coils 
(marked  1  to 
4,000)  are  con- 
nectctl  beneath 
the  top  at  the 
right  by  a  heavy 
copper  rod  anrl 
constitute  the 
rheostat  arm,  or 
what  c  o  r  r  e- 
s}X)nds  to  P  in 
the  formula. 

By  withdrawing  the  proper  plugs  in  these  rows  any  numljer  of  ohms 
from  1  to  11,110  may  be  obtained.  The  upper  row  of  coils 
consists  of  the  two  bridge  arms,  J/  at  the  left  and  N  at  the  right, 
with  the  reversing  key  between  them.  The  two  extremes  of  the 
up|)er  row  are  joined  by  a  heavy  copper  connection  and  corrcs|X)nd 
to  the  point  A  in  Fig.  19.  The  upper  block  A'  of  the  reversing  key 
is  connected  with  the  binding  post  B,  the  block  P  is  joined  to  the  left 
of  the  middle  row  of  coils  while  the  other  end  of  the  rheostat  combi- 
nation is  connected  with  the  binding  post  C.  The  resistance  to  be 
measured  A'  is  connected  between  the  terminals  B  and  C. 

Example.  Suppose  a  Iwlance  is  ob(aine<l  with  an  unknown  re- 
sistance coimectetl  iM-tween  B  and  C,  when  the  plugs  are  withdniwn 

as  showu  in  Fig.  24*    Whut  is  thv*  value  of  the  unknown  resbtance? 


Fig.  34.    Diagram  of  a  TestioK  Set. 
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Solution.     The  reversing  key  is  arranged  so  that  M  is  connected 
with  P  and  N  with  X,  hence 

--  =  —  ,orA=  —  X  P 
NX  M 

In  the  figure  N  =  100,  M  =  10,  and  P  =  2,000  +  1,000  +  300  + 

200  +  100  +  30  +  3  +  2  =  3,035.     Therefore 

X  =^X  3,635  =  36,350  ohms 

Ans.  36,350  ohms. 
Use  and  Care  of  Bridge.  Before  beginning  a  measurement  it  is 
essential  that  each  plug  be  examined  to  see  that  it  is  firmly  twisted 
into  place,  also  in  replacing  a  plug  the  same  care  should  be  used.  A 
slight  looseness  will  considerably  increase  the  contact  resistance  and 
so  introduce  errors  in  the  result.  Moderate  force  only  is  needed  in 
placing  plugs.  A  strong  person  may  damage  the  apparatus.  For 
the  same  reason  the  plug  tapers  should  be  kept  clean  and  the  top  of  the 
bridge  should  be  free  from  dust  and  moisture.  Special  care  should 
be  taken  with  the  surfaces  between  adjacent  blocks.  The  plugs 
should  be  handled  only  by  their  vulcanite  tops,  and  care  should  be 
taken  not  to  touch  the  blocks. 


Fig.  25.    Slide  Wire  Wheatstone's  Bridge. 


The  plug  tapers  may  be  cleaned  with  a  cloth  moistened  with 
alcohol  and  then  rubbed  with  powdered  chalk  or  whiting.  The  pow- 
der should  be  entirely  removed  with  a  clean  cloth  before  the  plugs 
are  replaced.  Sand  paper  or  emery  cloth  should  never  be  used  to 
clean  the  plugs  or  bridge  blocks.  If  there  are  no  idle  sockets  for  the 
reception  of  the  plugs  when  they  are  withdrawn,  they  should  be  stood 
on  end  or  placed  on  a  clean  surface. 

Slide  Wire  Bridge.  The  simplest  form  of  Wheatstone's  bridge 
is  the  slide  wire  bridge.     Fig.  25  illustrates  the  apparatus.     The 
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foundation  of  the  bruigf  is  a  lx)ar(l  well  l)race<l  to  avoid  warping, 
which,  after  iK'ing  well  drie<l,  is  saturated  with  hot  paraffin  to  make 
it  a  g(Kxl  insulator.  The  bridge  wire  is  usually  one  meter  long  and 
stretched  between  substantial  anchorages  at  the  ends.  Heavy  straps 
of  copper  or  bniss  serve  as  connwtions  of  negligible  resistance  to  the 
other  parts  of  the  bridge.  The  known  resistance  is  inserted  at  R 
and  the  unknown  at  X.  Openings  at  .1  and  A'  are  closed  by  heavy 
metal  straps  for  the  usual  method  of  use,  or  in  more  complete  methods 
by  resistances  which  a:e,  in  effect,  extensions  of  the  bridge  wire. 
The  battery  and  its  key  are  connected  between  B  and  B,  and  the  gal- 
vanometer between  G  and  G.  The  heavy  ro<l  back  of  and  alnjve  the 
bridge  wire  is  a  support  for  the  galvanometer  key  A'  and  the  index 
which  is  adjacent  to  the  meter  scale  shown.  The  key  and  the  index 
may  be  moved  along  the  rotl  to  find  the  balancing  point.  A  com- 
mutator shown  at  the  center  of  the  apparatus  ser\'es  to  exchange  the 
relative  position  of  A'^  and  H  in  the  arrangement.  The  commutator 
makes  connection  in  four  mercury  cups.  If  the  portion  of  the  bridge 
wire  to  the  left  of  the  galvanometer  key  is  «  cm.  long,  the  rest  of  the 
wire  is  l(K)-o  long.  If  the  commutator  is  arranged  so  that  R  is  con- 
nected to  the  left  end  and  A'  to  the  right  end  of  the  wire,  when  a  balance 
is  reached  we  have 

R  a  V        n  100  -  o 

"V    =  Too •  "^  '^   =  '^  

A  1(K)  —  a  a 

If  the  commutator  is  reversed  and  the  new  reading  is  a'  we  get 

'^'  =  ^  Too^ 

If  the  balancing  |x)int  is  near  the  end  of  the  wire,  it  is  evident  that 
any  small  ern)r  in  the  reading  and  the  assumption  that  the  connec- 
tions HTV  of  negligible  resistance,  will  result  in  greater  error  in  the 
final  formula.  For  this  reason  it  is  well  to  treat  the  first  balance  as 
only  approximate  and  after  calculating  A'  to  take  as  known  resistance 
a  new  value  of  R  as  nearly  as  possible  equal  to  X.  In  this  way  tlie 
balancing  point  will  l)e  brought  near  the  center  of  the  wire. 

For  very  exact  comparison  of  two  nearly  ecjual  resistances,  we 
insert  auxiliary  resistances  at  .1  and  J'.  These  are  in  elTect  extensions 
of  the  bri<lgi*  wire.  Call  these  resistances  wpial  to  -I  and  .1'  cm.  of  the 
wire.  \Vhcn  a  balance  is  obtainetl  at  the  jM)ints  a  and  a'  for  the  two 
pasitions  of  the  commutator,  we  have 
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X  =  R^'^''^-^andX  =  R^^^-' 


A  +  a         ■"    "        "  A'-{-  100  -a' 

While  it  is  still  of  advantage  under  these  conditions  to  have  a 
and  a'  somewhere  near  50  cm.  it  is  no  longer  necessary,  for  with  the 
bridge  wire  extended  by  A  and  A'  any  point  of  the  actual  bridge  wire 
is  now  near  the  center. 

If  R  is  materially  larger  or  smaller  than  X,  the  balancing  point 
may  be  beyond  the  end  of  the  actual  wire,  i.  e.,  in  one  of  the  exten- 
sions, and  no  balance  can  be  obtained.  It  's  necessary  then  to  ad- 
just R  until  a  balancing  point  is  found  on  the  wire.  We  may  then 
proceed  with  the  experiment. 

A  variation  of  this  method,  known  as  the  Carey-Foster  method, 
is  used  for  the  comparison  of  two  standard  resistances  to  discover 
small  differences  in  adjustment. 

Exarnple.  If  with  the  openings  A  and  A'  closed  with  straps  of 
negligible  resistance  and  a  resistance  of  150  ohms  for  R,  the  mean 
balance  point  comes  so  that  a  =  6S.4  cm.  and  b  =  31.0  cm.,  what 
is  the  value  of  X?  Ans.  69.3  ohms. 

Example.  If  A  and  A'  are  equivalent  to  500  cm.  each,  and  R  = 
150  ohms,  and  the  mean  balance  point  makes  a  ^  G8.4  cm.,  and  6=*= 
31.6  cm.,  what  is  the  value  of  A'?  Ans.  140.20  ohms. 

Low  Resistance    Measurement.    The  bridge  niethcxls  described 

above  are  not  suitable  to  use  in 
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the  measurement  of  small  re- 
sistances, for  the  lead  wires  (leud- 
imj  in  wires)  used  in  connecting 
the  unknown  resistance  to  the 
bridge  may  have  more  resistance 
than  the  unknown.  The  am- 
Tneter-^voltnieter  method  is  that 
most  generally  used.  The  ap- 
paratus is  connected  as  shown  in 
Fig.  26.  The  current  from  the 
battery  is  led  through  the  ammeter  to  the  unknown  low  resistance  R. 
An  adjustable  resistance  r  of  a  rheostat  may  be  introduced  into  the 
circuit  to  control  the  current.  The  actual  resistance  r  need  not  be 
known.  The  fall  of  potential  V  through  7?  is  measured  by  the  volt- 
meter, and  the  current  /  by  the  ammeter.    Ohm's  law  then  gives 


Fig.  26.    Ammeter- Voltmeter  Method  of 
Low  Resistance  Measurement. 
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Amtfuier-V  alt  meter  Mdhod.  It  is  evident  that  although  the 
vohinettT  is  of  very  high  rt\sistance,  a  small  current  inehi<U>(l  in  that 
measured  hy  the  ammeter  passes  througli  the  voltmeter.  In  strict- 
ness   this    current,    equal    to : t—. ; ,  should  lie 

resistance  of  the  voltmeter 

subtracted  from  the  ammeter  reading'to  get  the  value  of  /  to  Ik?  used 
in  the  formula.  This  corrtvtion  is  easily  made,  as  all  makers  of  volt- 
meters give  the  value  of  the  resistance,  usually  marketl  on  the  volt- 
meter case;  hut  the  error  resulting  from  neglecting  the  correction  is 
generally  immaterial.  Instruments  of  suitable  range  should  be 
used. 

Example.  The  reading  of  the  ammeter  is  50  amperes,  that  of 
the  voltmeter  1.5  volts;  what  is  71?  Ans.  0.03  ohm. 

In  the  particular  case  chosen  the  ammeter  had  a  range  0  to  75 
amperes,  and  the  voltmeter  0  to  3  volts.  The  resistance  of  the  volt- 
meter was  300  ohms.  The  current  through  tlie  voltmeter  was  L5  -r- 
300  =  0.005  amperes.  It  is  evident  that  the  correction  is  far  smaller 
than  the  probable  erior  of  reading  the  ammeter,  and  any  attempt  at 
correction  would  be  absurd. 

This  method  may  also  be  used  "to  measure  the  resistance  of  a 
burning  incandescent  lamp.  In  such  a  case  the  bridge  method  is 
useless  as  the  resistance  of  a  cold  lamp  is  probably  double  its  resistance 
when  hot. 

Example.  The  voltmeter,  0  to  150  volts  range  and  resistance 
15,000  ohms,  reads  110  volts;  the  ammeter,  0  to  1  amperes  range, 
reads  ()..'>  ampere,     ^Miat  is  the  resistance  /??         Ans.  220  ohms. 

High  Resistance  Measurement.  Direct  Deflection  Method.  An 
excellent  methml  of  measuring  resistances  of  one  megohm  (one  million 
ohms)  or  more,  is  the  direct  deflection  methotl.  The  main  instru- 
ments netnletl  are  a  sensitive  gjdvanometer,  usually  of  high  Resistance 
and  fitt(>d  with  appropriate  shunts;  .some  standanl  resistances  of 
1(K),(MM)  ohms  (0.1  megohm)  or  more;  and  a  battery  of  relatively  low 
resistance  and  c(mst;»nt  e.  m.  f.  (a  storage  battery  of  many  cells,  if 
available).  Th<"  resistance  of  the  gidvanoineter  Ixith  alone  and  com- 
bine«l  with  it.s  shunts  must  l»e  known.  That  of  the  Iwitter}'  and  the 
connections  is  usually  neglected.     The  connections  are  shown  iu 
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Fig.  27.  The  known  resistance  R  is  first  connecte<l  in  series  with  the 
galvanometer  Ci  an<l  the  testing  battery  B,  through  a  key  A'.  Care 
should  be  taken  that  the  insulation  of  the  apparatus  be  very  higli.  The 

shunt  *S  is  adjusted  to  give  a  suit- 
able deflection  of  the  galvanometer 
and  from  this  deflection  what  is 
known  as  the  constant  is  calculated. 
The  value  of  this  constant  is  the 
resistance  that  must  be  inserted  in 
the  circuit  to  reduce  the  deflection 
Fig.  27.  Direct-Deflection  Method  Of       to  onc  scalc  division.     The  value 

High  Resistance  Measurement.  ^f  ^j^^  constant  is  therefore  equal  tO 

G 

the  product  of  the  total  resistance,  assumed  to  be  i?  -\ ,  the  scale 

m 

deflection  d,  and  the  multiplying  power  of  the  shunt  m.     We  thus  get 

Q 

Constant  =  (/?  H )  d  m 

m 

As  an  illustration,  suppose  R  =  O.l  megohm,  G  =  20,000  ohms 
=  0.02  megohm,  m  =  1 ,000,  and  d  =  200  divisions ;  then 
Constant  =  (0.1  +  0.00002)  X  200  X  1,000 
=  20,004  megohms 
This  means  that  if  the  galvanometer  were  unshunted  and  the  total 
resistance  in  the  circuit  were  20,004  megohms,  a  deflection  of  one 
division  would  result. 

After  the  constant  has  been  determined  the  known  resistance 
R  is  replaced  by  the  unknown  resistance  X.  The  galvanometer  shunt 
is  readjusted  if  necessary  and  the  deflection  obtained  is  again  noted. 
The  value  of  the  total  resistance  is  then  found  by  dividing  the  value 
of  the  constant  by  the  product  of  the  deflection  d^  and  the  multiplying 
power  wij  of  the  shunt  used.  To  continue  our  illustration  suppose  d^ 
=  50  divisions,  and  m^  =  10.  The  deflection,  if  the  full  current  went 
through  fhe  galvanometer,  would  be  50  X  10  =  500  divisions.  A 
deflection  of  one  division  is  produced  with  a  resistance  of  20,004 
megohms;  hence  a  deflection  of  500  divisions  must  correspond  to 
-g^  of  this,  or  40.008  megohms.  Subtracting  the  resistance  of  the 
shunted  galvanometer  20,000  -^  10  =  2,000  ohms,  or  0.002  megohm, 
leaves  the  unknown  resistance  40.006  megohms.  The  algebraic 
equation  expressing  this  is 
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a 

(It   f        )<lm 
V  *'*  ^» 

Ne^ltM'tin^  tlu*  rosistimcc  of  the  palvunometor  in  l)oth  cases,  a  simpler 
foriDiila  woiiM  j?ive 

.,        li  (I  m         ._  , 

A   =  — =  40  megohms 

It  may  Iw  note<l  that  thedifFerence  Ix-tween  these  results  is  an  amount 
(•orresjKMulint;  to  a  (lifFerenee  in  ileflection  of  ().(X)75  of  a  single  scale 
division,  whicli  is  far  smaller  than  the  prohahle  error  which  any 
oJKserN'er  would  make.  It  is  then  clearly  permissible  to  use  the  simpler 
formula, 


X  = 


R  d  m 


Example.  In  a  high  resistance  measurement  by  the  above 
methtxl  the  known  resistance  was  .2  megohms,  and  gave  a  deflection 
of  237  divisions,  the  multiplying  power  of  the  shunt  being  lOQ.  With 
the  unknown  resistance  inserte<l,  the  deflection  was  17S  divisions 
with  the  full  current  passing  through  the  galvanometer.  \Vhat  was 
the  value  of  this  resistance?  Ans.  20.0  megohms. 

VoUmeier  Method.  Another  method  of  measuring  high  resistance 
is  that  in  which  a  sensitive  high 
resistance  voltmeter  such  as  the 
Weston  is  used.  This  metho<l, 
however,  is  not  as  accurate  as  the 
prece<ling  and  is  not  adapted  to 
measurements  of  resistance  greater 
than  a  few  megohms.  The  volt- 
meter is  connecte<l  in  series  with 
the    imknown    resistance    and    a 

.source  of  constant  e.  m.  f.,  as  shown  in  Fig.  28.  With  such  an  ar- 
rangement the  resistance  A'  will  be  to  the  resistance  of  the  voltmeter 
R,  as  the  volts  drop  in  A'  is  to  that  in  the  voltmeter.  The  drop  v  in 
the  voltmeter  is  given  by  its  reading,  and  if  the  applie<l  electromotive 
force  T'  is  known,  the  drop  in  X  will  be  V  —  v.  We  therefore  have 
tlie  proportion, 

X  :  li  ::  ]'  —  V  :  V,  and 
V-v 


AMM/W 


Pig.  2«.     Voltmeter  Mfthn.!  of  High 
Kesistanee  Mvosuremeut. 
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The  voltage  V,  which  sliould  be  at  least  100,  .may  be  first  determined 
by  measurement  with  the  voltmeter. 

Example.  A  voltmeter  having  a  resistance  of  15,000  ohms, 
was  connected  in  series  with  an  unknown  resistance.  The  e.  m.  f. 
applied  to  the  circuit  was  110  volts  and  the  voltmeter  indicated  0  volts. 
What  was  the  value  of  the  unknown  resistance? 

Solution.     Applying  the  preceding  formula 

V  =  no,  V  =  Q,  and  R  =  15,000, 
therefore 

X  =  i^^P^  X  15,000  =  260,000  ohms,  or  .20  megohms 

Ans.  .20  megohms. 

Insulation  Resistance.  The  measurement  of  insulation  resist- 
ance is  performed  by  cither  of  the  two  preceding  methods  of  measuring 
high  resistance.  The  voltmeter  method  is  the  simpler,  but  since  it 
cannot  be  used  to  measure  resistances  greater  than  a  few  megohms, 
the  direct  deflection  method  proves  to  be  the  more  valuable.  The 
insulation  of  low  potential  circuits,  however,  need  not  exceed  five 
megohms,  and  in  testing  such  circuits  the  voltmeter  method  may  be 
used.  If  little  or  no  deflection  is  obtained  it  is  then  evident  that  the 
insulation  is  at  least  several  megohms,  which  is  all  that  is  desired.  As 
the  insulation  of  high  potential  circuits  must  be  greater  than  five  or 
ten  megohms,  the  direct  deflection  method  should  then  be  used. 

The  connections  in  testing  the  insulation  of  a  circuit  by  these 
two  methods  are  similar  to  those  shown  in  Figs.  27  and  28,  the  resist- 
ance A'^  being  replaced  by  the  insulation  of  the  circuit.  This  is  ac- 
complished by  connecting  one  wire  to  the  line  and  the  other  to  the 
ground  such  as,  to  a  gas  or  W'ater  pipe.  The  insulation  of  the  line 
from  the  earth  is  then  included  in  the  testing  circuit;  the  current 
passing  from  the  battery,  or  other  source,  through  the  voltmeter  or 
galvanometer  to  the  line,  from  the  line  through  the  insulation  to  the 
ground,  and  then  to  the  battery. 

The  insulation  of  a  dynamo,  that  is,  the  resistance  between  its 
conductors  and  its  frame,  is  tested  in  a  similar  manner.  This  re- 
sistance should  be  at  least  one  megohm  for  a  llO-volt  machine,  but 
two  megohms  is  to  be  preferred  and  is  customary.  This  insulation 
is  measured  by  connecting  one  wire  to  the  frame  and  the  other  to  the 
binding  post,  brushes,  or  commutator.  The  insulation  is  then  in- 
cluded in  the  circuit.     Insulation  lesistance  decreases  with  increase  of 
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temperature  so  that  this  test  of  a  machine  should  be  made  after  a  full 
loud  run  of  several  hours. 

The  e.  m.  f.  use<l  should  Ik*  constant  and  of  one  to  two  hundred 
volts  value.  Secontlary  hatteries  are  the  Ix'st  for  this  puqjose 
but  silver  chloride  testing  cells  are  much  used.  ITie  resistance  of 
dit'h'ctncs  incn^ases  by  continuc<l  action  of  the  current  and  this  pro- 
|K'rty  is  known  as  clertrijicaflou.  For  this  reason  the  defltx-tion  should 
not  lie  read  until  after  a  certain  pcri(Kl  of  electrification — usually  one 
minute.  This  action  is  quicker  in  some  materials  than  in  others,  and 
is  also  floater  at  low  than  at  hi^h  temperatures. 

Insulation  Resistance  of  Cables.  In  the  preceding  cases  of 
insulation  resistance  only  a  part  of  the  insulation  is  under  electric 
strain.  In  the  case  of  submarine  cables  and  h-ad  covered  (-ables  use<| 
on  lan<l,  the  whole  of  the  insulation  is  subjected  to  the  electric  strain. 
To  test  the  resistance  of  a  wattT])r(M)f  insulation,  the  insulateil  wire  or 
cable  may  Ix*  immersed  in  a  tank  of  water.  Care  should  Ik'  taken  to 
h'ave  enough  of  the  cable  out  of  the  water  so  that  surface  leakage 
near  the  ends  may  not  interfere  with  the  test.  For  short  lengths  of 
cable  the  resistance  of  the  wire  inside  the  insulating  material  may  be 
ignorcil.  The  resistance  between  the  wire  and  a  metal  plate  im- 
merse<l  in  the  tank  is  practically  the  resistance  of  the  insulation.  Fig. 
27  shows  the  arningemcnt  of  the  apparatus.  As  a  cable  takes  a  cer- 
tain charge  as  a  condenser  when  subjected  to  an  e.  m.  f.,  it  is  necessary 
to  pn)te<'t  the  gjdvanometer,  by  a  short-circuiting  switch  l>etween  the 
galvanometer  terminals,  during  the  rush  of  current  on  first  closing  the 
circuit,  nie  switch  Ijox  .S,  Fig.  27,  has  such  a  short-circuiting  switch. 
This  is  im]K>rtant  as  otherwise  the  galvanometer  may  be  injureil.  If 
the  insulation  resistance  is  not  tcx)  high  the  direct  deflection  metlxnl 
al)ove  descrilK'd  may  l)e  used.  If  the  insulation  is  exc<'llent  the  d«*- 
flection  prtxluctnl  by  the  leakage  should  be  very  small  and  .some  other 
metluMl  must  l)e  usfnl. 

Charge  and  Recharge  Miihixl.  An  excellent  methixl  in  such 
cases  is  the  charge  ami  n>cliarg«'  methcxl.  In  this  methiMl.  Fig.  27,  the 
cable  is  first  charged  for  several  minutes,  care  U'ing  taken  to  short- 
circuit  the  galvanometer.  The  circuit  is  then  oj>ened  for,  say,  one 
miiuite  and  the  circuit  close<l  agjiin,  the  short-i'ircuiting  switch  of  the 
galvanometer  meanwhile  having  Invn  opene<l.  While  the  circuit  was 
open,  a  certain  part  of  the  charge  leaked  out  and  this  is  now  replaced 
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by  an  equal  added  charge.  The  galvanometer  makes  a  sudden  throw 
due  to  this  added  charge  and  after  many  oscillations  comes  to  rest. 
If  the  relation  between  the  added  cliarge  and  the  galvanometer  throw 
is  known,  the  quantity  added  may  be  computed,  and  the  leakage  cur- 
rent is  equal  to  the  added  charge  (equal  to  that  lost)  divided  by  the 
time  in  seconds  for  which.the  circuit  was  open.  If  the  steady  leakage 
produces  a  measurable  deflection,  account  should  be  taken  of  this  in 
estimating  that  part  of  the  sudden  throw  produced  on  closing  the 
circuit  again.  This  correction  we  here  suppose  to  be  negligible.  To 
find  the  relation  between  charge  and  throw,  a  condenser  of  known 
capacity  (farads)  is  charged  by  a  known  e.  m.  f.  and  then  discharged 
through  the  galvanometer.  The  charge  equals  the  product  of  capac- 
ity and  e.  m.  f.  used.  The  charge  divided  by  the  throw  produced, 
gives  the  constant  of  the  instrument  as  a  ballistic  galvanometer.  As 
condensers  are  rated  in  microfarads  (millionths  pf  farads)  care  must 
be  taken  to  use  the  value  in  farads  if  the  value  in  ohms  insulation 
resistance  is  required.  If  the  value  in  microfarads  is  used,  the  final 
result  will  come  out  in  megohms.  If  an  e.  m.  f.  E^  volts  and  capacity 
C  microfarads  produces  a  ballistic  throw  d^,  and  if  an  e.  rn.  f.  of  E^ 
volts  produces  a  throw  of  d^  on  closing  the  circuit  through  the  insulation 
under  test  after  the  circuit  has  been  open  for  t  seconds,  ignoring  the 
resistance  of  other  parts  of  the  circuit,  the  insulation  resistance  is 

Example.  If  E^  is  1.44  volts,  C  is  0.5  microfarad,  d^  is  28.8  cm., 
Ej  is  100  volts,  d^  is  20  cm.,  and  i^  is  60  seconds,  what  is  X? 

Ans.  12,000  megohms. 

As  a  rule  the  insulation  resistance  per  mile  is  required.  The 
longer  the  cable  the  more  surface  is  exposed  to  leakage;  consequently 
it  is  evident  that  the  insulation  resistance  per  mile  is  found  by  multi- 
plying the  resistance  of  the  sample  by  its  length  in  fractions  of  a  mile. 
That  is,  a  mile  of  cable  would  have,  say,  one-quarter  as  much  insula- 
tion resistance  as  a  quarter  of  a  mile  of  cable. 

In  the  case  of  lead  covered  cables,  no  tank  is  required,  as  con- 
nection may  be  made  with  the  lead  covering  instead  of  the  immersed 
metal  plate  before  mentioned. 

Resistance  of  Lines.  Telegraph,  telephone,  and  power  trans- 
mission lines  may  be  measured  in  place  to  best  advantage  if  one  or 
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more  additional  lines  are  available  between  the  terminals.  If  only 
one  wire  is  available  lx)th  ends  ma^'  be  connected  to  ground  and  the 
r«*sistanre,  which  involves  that  of  the  connections  to  ground  and  that 
of  the  earth  return,  may  Ih»  measured  by  one  of  the  nietluMls  jlescrilx**! 
alx>ve.  Such  a  methixl  though  unsjitisfactory  may  Ik*  the  l)est  avail- 
able. The  resistance  of  the  earth  return  is  generally  low,  but  there  is 
always  much  uncertainty  as  to  the  resistance  to  earth  at  the  ends. 
Earth  currents  of  eli'ctricity,  due 
to  many  causes,  may  much  com- 
plicate the  problem.  \Mien  a 
.s<H'on<l  line  of  resistance  A'j  is 
available,  that  and  the  unknown 
resistance  A",  may  be  connected 
together  at  the  distant  end  and 
the  combine<l  resistance  R,  which 
ec|uals  X^  +  Xj,  measured.  Next, 
the  distant  junction  may  be 
grounded  and  the  two  wires  con- 
nected as  the  proportional  arms 
of  a  WTieatstone's  bridge,  as 
illustrated  in  Fig.  20.  The  re- 
sistances in  the  other  propor- 
tional arms  are  7?,  and  /?,.  One 
terminal  of  the  battery  is  ground- 
e<l.  \Mien  a  balance  is  obtained  the  proportion  of  the  whole  resist- 
ance R  in  X  is 


FiK.  23. 


Brlilffe  niaKram  for  Line  K«stst- 
ance  Measurenteut. 


In  a  .similar  wav.  A'    =  R 


R,-^R, 


R^  +  fl. 

It  is  well  to  connect  the  battery  in  that  branch  of  the  bridge 
which  includes  the  earth  return  as  there  may  l)e  a  difference  of  potential 
due  to  earth  currents,  which  does  not  disturb  the  bridge  as  it  simply 
adds  to  or  subtracts  from  the  battery  e.  m.  f.  If  a  third  line  is  avail- 
able it  may  be  used  in  the  battery  branch  in  place  of  the  earth  return. 
It  will  \ie  noted  that  the  resistance  to  earth  at  Ixjth  ends  is  not  in  any 
of  the  four  proportional  arms  and  consequently  does  not  affect  the 
result. 
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Example.  The  two  wires  looped  together  have  a  resistance  of 
248  ohms.  When  a  balance  is  obtained  with  them  as  arms* of  the 
bridge,  R^  —  1,000  ohms  and  R^  =  1,127  ohms,  the  proportion  being 
R^:R^::X^:X^.     ^Vhat  are X^  and  Z^? 

Ans.  X^  ==  IIG.O  ohms;  X^  =  131.4  ohms. 

Locating  Grounds.  In  case  a  line  wire  is  grounded  at  some 
unknown  point,  the  above  method  may  be  used  in  locating 
the  ground.  The  grounded  wire  and  a  second  wire  free  from 
grounds  may  be  looped  together  and  their  combined  resistance 
measured.  The  loop,  as  before,  is  connected  as  two  arms  of  a 
!)ri(lge,  but  the  junction  is  left  insulated.  X^  is  now  the  resist- 
ance from  the  testing  station  to  the  point  where  the  wire  is 
grounded.  X^  is  the  combined  resistance  of  the  rest  of  that  wire 
and  the  whole  of  the  other  wire.  The  resistance  to  the  grounded 
point  is  then 


X,  =  R 


R^ 


R,  +  R, 

As  a  rule  the  resistance  of  every  line  is  part  of  the  office  data, 
and  therefore  R  =  X^  -\-  X^is  known  in  advance  and  need  not  be 
remeasured.  As  the  resistance  per  mile  is  also  usually  part  of  the 
oflSce  data,  the  actual  distance  corresponding  to  X^  may  be  computed 
and  a  lineman  sent  to  the  point  to  make  the  repair.  If  in  a  severe 
storm  several  grounds  occur  on  the  same  wire,  this  method,  of  course, 
cannot  be  used  to  locate  the  trouble.  In  the  case  of  ocean  cables 
this  method  is  used  with  excellent  results.  The  cable  repair  steamer 
can  be  sent  Jto  the  point  of  trouble  where  the  cable  is  raised  and  re- 
paired. 

Locating  Faults.  This  method  may  be  used  jn  the  care  of  a 
broken  sut)marine  cable  if  both  ends  are  exposed  to  the  water, 
but  it  cannot  be  used  for  broken  land-lines  because  the  ends, 
even  if  both  on  the  ground,  are  too  imperfectly  grounded.  If 
the  conductor  of  a  submarine  cable  is  broken  but  the  insulation 
left  intact,  this  method  cannot  be  used.  A  method,  however,  in 
which  the  distributed  capacity  of  the  cable  is  measured  in  mi- 
crofarads (see  Capacity  Measurements  later)  can  be  used  to  de- 
termine the  location  of  the  break.  This  latter  method  may  also  be 
used  for  a  broken  land-line  where  the  end  of  the  wire  hangs  free  of 
the  ground. 
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MEASUREMENT  OF  BATTERY  RESISTANCE 

Voltmeter  Method.  The  following  voltmeter  method  may  Ik* 
used  to  measure  battery  resistance.  The  battery  of  one  or  more  cells 
is  connected  in  circuit  through  a  key  A',  with  a  known  resistance  R. 
The  voltmeter  of  appropriate  range 
is  connected!,  as  shown  in  Fig.  30, 
to  the  terminals  of  the  battery. 
With  the  key  A'  open,  I', — the  e. 
m.  f.  of  the  battery — is  measured. 
The  key  K  is  then  closed  and  Fj 
— the  reading  of  the  voltmeter — 
is  observed.     By  Ohm's  law  the 


current  is  -~.    A  part  of  the  bat- 
tery's e.  m.  f.,  etjual  to  V^  —V^,  is 
now  lost  inside  the  battery  becausi 
tery.     We  then  have  the  relation, 

V 


Fig.  30.    Voltmeter  Method  of  Measurloi; 
UatU-ry  Itesistauctr. 


of  the  resistance  A'  of  the  bat- 


and 


V 
V   =  V     » 

V  —  V 

If  th»*  rrsislanc-c  It  is  not  known,  an  ammeter  may  Im-  iiitnMJiKfd 

into  the  circuit  in  scries  with  R,  and  the  current  /  nK'a.sure»l  dirtvtly 

Then 

XI  =  F,  -  F„    and 

X J— 

It  will  be  noticed  that  it  is  tacitly  assumed  that  when  the  key  A' 
is  open,  not  enough  current  will  pass  through  the  voltmeter  to  intro- 
duce any  error.  If  the  battery  resistance  is  large  this  error  is  not 
negligible  and  a  sensitive  high  resistance  galvanometer  with  con- 
siderable additional  resistance,  perhaps  10(),0(K)  ohms  besides,  may 
Ik*  substituted  for  the  voltmeter.  If  the  defkvtioiis  of  the  galvanom- 
eter in  the  two  ca.ses  (open  and  claseil)  are  </,  and  </,.  we  then  have 

As  the  Imttery  when  furnishing  a  current  U'gins  at  once  t<i  fall 
off  in  e.  m.  f.,  that  is,  ptUariw,  a  small  error  due  to  {M)larization  makes 
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the  battery  resistance  appear  too  high.  Such  a  value  of  the  resistance 
R  should  be  chosen  as  to  make  the  deflections  materially  different. 
Otherwise  a  slight  error  in  Fj  and  l\  or  d^  and  d^  will  make  their 
difference  F^  —  Fj  or  d^  —  d.^  many  per  cent  in  error. 

Example.    A  cell  has  an  e.  ra.  f.,  V^  =  1.47  volts  when  S  is  open 
and  1.12  when  S  is  closed,     i?  is  5  ohms.     What  is  X? 

Ans.  X  =  1.56  ohms. 

Mance's    Method.     Another   method    is    Mance's    method,    in 

which  the  battery,  whose  resistance  A'  is  to  be  determined,  forms  one 

arm  of  a  Wheatstone's  bridge,  as  indicated  in  Fig.  31.     No  key  is 

placed  in  the  galvanom- 
eter branch  and  no  ad- 
ditional resistance,  in 
the  branch  which  in- 
cludes the  key  *S.  The 
resistance  in  R^  is  ad- 
justed until  the  galva- 
nometerdoes  notchange 
its  deflection  on  closing 
the  key  S.  It  is  usually 
.  necessary  to  put  consid- 
erable additional  resist- 
ance R  in  the  galvanometer  arm  to  keep  the  deflection  small.  If 
the  deflection  does  not  change  on  closing  the  key  S,  it  is  evident  that 
the  decrease  in  the  potential  difference  at  the  terminals  of  the  cell  due 
to  its  increased  current  when  S  is  closed,  must  exactly  equal  the  de- 
crease in  the  potential  difference  between  the  terminals  of  R^  due  to 
this  path  being  robbed  of  a  part  of  its  current  because  of  the  new 
path.  Otherwise  the  potential  difference  at  the  galvanometer  termi- 
nals, which  is  the  difference  of  the  potential  differences  over  the  two 
arms,  would  change  and  the  deflection  change.  Similar  reasoning 
applies  to  R^  and  R.^,  only  here  the  difference  over  R^  increases  by 
just  the  amount  that  that  over  R^  falls,  thus  keeping  the  total  amount 
constant  for  the  combination  of  R^  and  R^.  The  arrows  show  the 
direction  of  the  currents  in  the  various  arms.  If  no  change  in  the 
galvanometer  current  occurs,  the  changes  in  R^  and  R^  must  be  equal 
and  so  also  the  changes  in  R^  and  X.  It  follows  then  if  the  galvanom- 
eter deflection  remains  constant  whether  S  is  open  or  closed,  that 


P''ig.  31.    Bridge  Diagram  for  Mance's  Method. 
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or 


Should  tin*  iKitti'ry  ]M>lari%ation  change  on  closing  the  key  «S',  the 
gjilvanonu'ter  deHirtion  will  change.  For  this  rejuson  the  key  S 
should  Ik*  clostxl  for  an  instant  only. 

Besides  these  nietluMls  there  are  excellent  metluMls  in  which 
alternating  currents  are  use<l,  i)Ut  they  are  tXM)  advanced  to  l>e  de- 
scrilxMl  in  this  course.  Such  alternating-current  methtxls  shoulil  be 
uswl  in  measurement  of  the  resistance  of  solutions  (so  called  elec- 
trolytes) which  are  decomposed  by  a  direct  current. 

MEASUREMEM  OF  ELECTROMOTIVE  FORCE 

Voltmeter  Method.  The  simplest  method  of  measuring  an  elec- 
tromotive force"  is  by  the  use  of  a  voltmeter  which  indicates  directly 


/SO 


Fig.  83.    Commercial  Portable  Voltmeter. 

the  numlxT  of  volts.  A  voltmeter  of  the  proper  range  should  be 
chosen.  For  very  small  c.  in.  f  's  the  milli voltmeter,  usual  range  1  to 
.300  millivolts,  i.e.,  I  to  O.li  volt,  may  1k'  used.  For  higher  e.  in.  f.'s, 
voltmeters  reading  to  1.5,  l.'>,  I.jO, and  3(K)  volts  rcsjKrtively,  are  made 
by  the  Weston  Electrical  Instrument  Co.  and  others.     A  voltmeter 
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is  simply  a  galvanometer  calibrated  to  be  read  in  volts.  It  is  evident 
that  if  an  additional  lesistance  equal  to  that  of  the  voltmeter  is  placed 
in  series  with  the  latter,  twice  the  voltage  will  be  required  to  produce 
the  same  deflection  as  before.  In  general,  any  resistance  in  series 
which  makes  the  total  resistance  n  times  that  of  the  voltmeter  alone, 
may  be  used  as  a  multiplier;  and  the  reading  of  the  voltmeter  must 
be  multiplied  by  n  to  get  the  value  of  the  e.  m.  f.  Such  a  multiplier 
may  be  bought  with  a  voltmeter  in  order  to  make  its  effective  range 
greater.  For  example,  if  the  resistance  of  a  voltmeter  of  range  0  to 
150  volts,  is  15,000  ohms,  a  multiplier  having  a  resistance  of  CO,0(M) 
ohms  will  bring  the  total  up  to  75,000  ohms,  and  the  constant  n  of  the 
multiplier  is  5.  With  this  multiplier  in  the  circuit  the  upper  limit  of  the 
voltmeter  is  extended  to  750  volts.  If  the  multiplier  is  mounted 
inside  the  voltmeter,  and  if  on  using  the  binding  posts  marked  0  and 
15  the  range  is  0  to  15  volts,  and  using  the  binding  posts  marked  0 
and  150  the  range  is  0  to  150  volts,  the  multiplier  evidently  must 
have  nine  times  the  resistance  of  the  main  part.  Such  a  voltmeter, 
shown  in  Fig.  32,  is  said  to  be  a  two-scale  voltmeter,  and  it  may  be 
used  equally  well  on  either  range.  As  the  extra  expense  of  providing 
the  multiplier  and  extra  binding  post  is  slight,  a  two-scale  voltmeter 
is  a  very  inexpensive  substitute  for  two  voltmeters.  It  is  also  evident 
that  a  low  range  voltmeter  may  be  used  in  connection  with  any  resist- 
ance box  as  a  multiplier.  The  Weston  voltmeters  have  approximately 
100  ohms  resistance  per  volt  of  range  and,  therefore,  take  a  maximum 
of  about  0.01  amperes  when  used  on  an  e.  m.  f.  which  is  the  maximum 
of  the  range.  As  a  rule  the  current  taken  by  a  voltmeter  is  negligible 
in  comparison  with  the  current  in  the  rest  of  the  circuit. 

The  voltmeter  method  may  be  used  equally  well  with  both  direct 
and  alternating  electromotive  forces. 

Potentiometer  Method.  For  the  comparison  of  e.  m.  f.'s,  the 
potentiometer  is  the  most  accurate  apparatus.  When  a  balance  is 
reached  the  e.  m.  f.'s  to  be  compared  are  not  allowed  to  furnish  any 
current,  and  consequently  no  polarization  results  in  their  source.  The 
effect  of  internal  resistance  is  absolutely  n  il  also.  The  arrangement  of 
apparatus  is  shown  in  Fig.  33. 

Two  resistance  boxes  M  and  iV,  each  of  10,000  ohms  capacity, 
are  arranged  to  have  plugs  withdrawn  to  a  total  of  10,000  ohms,  and 
are  connected  in  series  with  a  battery  B.     To  avoid  injuring  B,  plugs 
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corresjKjnding  to  10,000  ohms  should  lje  withdrawn  liefore  cHjnmt'ting 
it  in  circuit.  The  circuit  has  a  high  resistance  and  the  effect  of  pohiri- 
zation  of  the  battery  B  quickly  reaches  its  limit  and  a  steady  current  / 
flows  through  the  circuit.  If  the  resistance  in  Im)X  M  is  R  ohms,  that 
in  box  iV  is  (10,000  —  R)  ohms;  and  the  fall  of  [x>tential  over  M  is 
R  I  volts,  and  over  the  box  N  is  (10,000  -  R)  I  volts.  One  of  the 
cells  to  be  compnre<l,  a  standard  cell  of  e.  m.  f.  .S,  is  connected  in 
series  with  some  high  resistance  A,  a  sensitive  galvanometer  G,  and 
a   key  K.     In  general,  on 

closing  the  key  K  die  gal-       I  ill 

vanometer  will  deflect;  but 
if  the  resistances  in  M  and 
N  are  adjusted  until  the 
potential  difference  over  M 
is  exactly  e<iuul  to  the  e.  m. 
f.  of  the  cell  .S,  the  latter  is 
it)  perfect  balance  and  can 
neither  supply  current  to 
the  general  circuit  supplied 
by  B  nor  can  current  Ix' 
forceti  backward  through 
the  c*ell  S.  In  that  case  the 
e.  m.  f,  of  S  e<|uals  the  fall 
of  potential  through  M,  and,  calling  R^  the  resistance  in  M, 

S  =  I  R, 
If  now  a  second  cell  of  unknown  e.  m.  f.  A'  is  sul)stitued  for  S,  and 
the  resistances  in  M  and  .V   readjusted — but  their  sum  kept  10,(KX) 
— until  on  closing  the  key  K  no  deflection  results,  calling  the  new 
value  of  the  resistance  in  M,  /?,,  we  have  the  relation 

A'  =  /  /?, 
It  follows  that 

Y  -  S   ^' 

If  S  Is  known.  A'  may  Ih«  compute«l.  It  is  well  to  re|>oat  the 
balance  with  S  to  Ik-  quite  sure  that  no  change  has  meanwhile  oc- 
currnl  in  the  main  battery  B.  Pn'<auti(>n  should  Im'  taken  in  setting 
up  the  aj)paratus  that  B  is  greattr  than  either  N  or  A'  and  Uiat  they 
are  conneetetl  into  the  circuit  so  that  they  are  in  (ipposition  to  B,     If 
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these  conditions  are  not  obeyed,  it  is  evident  that  no  balance  can  be 
obtained.  If  no  exact  balance  can  be  obtained,  but  a  change  of  one 
ohm  changes  the  galvanometer  deflection  from  up  to  down  the  scale, 
the  fraction  of  an  ohm  needed  for  an  exact  balance  can  be  obtained  by 
interpolation.  In  the  next  article  on  the  calibration  of  a  voltmeter 
such  an  interpolation  is  made. 

Example.  With  a  total  resistance  in  M  and  N  of  10,000  ohms 
of  which  the  resistance  in  M  was  R^  =  5,267  ohms,  when  the  standard 
Clark  cell  of  L433  volts  was  in  the  galvanometer  circuit,  and  the 
resistance  was  R^  =  5,470  ohms  when  the  Leclanche  cell  was  in  the 
galvanometer  circuit,  what  is  the  e.  m.  f.  X  of  the  Leclanche  cell? 

Ans.  X  =  L4882  volts. 

Calibration  of  a  Voltmeter.  If  during  the  previous  experiment, 
a  voltmeter  had  been  connected  for  the  whole  time  between  the  ex- 
treme terminals  of  M  and  N,  the  potential  difference  V  between  the 
terminals  of  the  voltmeter  would  have  been 

V  =  10,000  I  =  10,000  -I- 

This  gives  a  convenient  method  of  calibrating  a  voltmeter  by  means 
of  a  standard  cell  of  known  e,  m.  f.  *S.  The  calibration  may  be  ex- 
tended to  various  points  of  the  voltmeter  by  changing  the  e.  m.  f. 
of  the  main  battery  B.  In  such  cases  the  resistance  in  M,  to  obtain 
a  balance,  will  change  in  the  inverse  ratio.  It  is  evident  that  the 
calibration  cannot  by  this  method  be  extended  to  points  below  the 
e.  m.  f.  of  the  standard  cell.  In  the  case  of  high  e.  m.  f.'s,  it  is  desir- 
able to  increase  the  total  resistance  in  M  and  N  beyond  10,000  ohms. 
For  example,  if  the  e.  m.  f.  produced  by  B  at  the  terminals  of  the  volt- 
meter is  150  volts,  a  total  resistance  of  100,000  ohms  would  be  about 
right.  In  this  case  over  99,000  ohms  would  be  in  N  and  less  than 
1 ,000  in  M.  If  several  standard  cells  are  available,  they  may  be  con- 
nected in  series  in  the  galvanometer  branch,  thus  increasing  the 
resistance  for  a  balance  in  the  box  M.  As  most  boxes  have  one  ohm 
for  their  smallest  resistance,  a  greater  per  cent  of  accuracy  is  ob- 
tained if  the  resistance  in  M  is  large.  If  an  exact  balance  cannot  be 
obtained  and  the  nearest  smaller  resistance  produces  a  deflection  c?, 
one  way,  and  the  nearest  larger  resistance  produces  a  deflection  d^ 
in  the  opposite  direction,  the  fraction  of  an  ohm  which  would  have 
produced  a  balance  is  evidently 


sa 


ET.FXTRICAL  MEASrUEMENTS 


43 


<  +  < 
Example.     With  a  total  rcsistiince  of  1(X),0(X)  ohm.s  in  3/  and  N, 

and  987  ohms  in  M  pnNhicing  a  <h'flwtion  of  ')  divisions  down  the 

scale,  an«l  9S<S  ohins  prtKlucing  a  dfflfction  of  lo  divisions  up  the  scale, 

and  a  standard  Clark  cell  of  1.433  volts  e.  ra.  f.  in  the  galvanometer 

circuit,  what  is  the  correction  to  be  added  to  the  voltmeter  reading 

which  was  144.9  volts?  Ans.  Correction  =   +  0.25  volt. 

Suygestioii  of  Solution.  The  change  in  deflection  by  change  of 
one  ohm  is  5  +  15  scale  divisions;  therefore,  987  is  0.25  ohm  too 
small  antl  988  is  0.75  ohm  too  large.  The  e.  m.  f.  figures  out  145.15 
volts;  therefore,  0.25  volt  will  be  added  to  the  voltmeter  reading  to 
give  the  correct  result. 

This  method,  as  will  be  seen  later  under  the  head  of  "Measure- 
ment of  Current,"  can  be  used  with  a  standard  cell  to  measure  a 
current. 

Condenser  Method.  If  a  con- 
denser of  capacity  C  is  connected 
by  means  of  a  charge  and  discharge 
key  A',  which  has  an  upper  and  a 
lower  contact,  as  shown  in  Fig.  34, 
alternately  to  a  standard  cell  of  e. 
m.  f.  B,  and  a  ballistic  galvanomettT 
G,  the  throw  d  of  the  galvanometer 
will  be  a  measure  of  the  charge  of 
the  condenser  equal  to  B  XC.  If, 
now,  a  cell  of  unknown  e.  m.  f.  A'  is 
substituted    for   B,   the    deflection 

rf,  will  be  a  measure  of  the  charge  of  the  condenser  now  ec|ual  to 
XXC.     It  follows  that 

A'  ^  B  ^' 

This  mctluxl  is  free  fn)in  difficulties  due  to  |K)lariz;»tion  and 
internal  resistance  of  the  cells;  l)ecause  the  very  small  charge  taken 
by  the  condenser  pnKluces  no  measurable  polarization,  and  the  effect 
of  internal  resistance  is  only  to  lengthen  the  time  of  charging  of  the 
condenser,  but  not  to  change  the  total  «|uantity. 

The  accuracv  of  the  metluMl,  however,  is  limited  to  that  of  the 


Fig.  3J. 
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mcut  of  K.  M.  P. 
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reading  of  the  deflections  d^  and  d^,  and  it  is  difficult  to  get  results 
much  closer  than,  say,  5^  of  1%.  The  potentiometer  method  will 
give  results  easily  to  tkVd  of  1%  if  the  resistances  used  are  accurate; 
and  in  general  the  accuracy  of  the  potentiometer  method  is  limited 
only  by  the  accuracy  of  the  resistances.  For  accurate  comparisons 
the  potentiometer  method  is  always  used. 

VOLTAIC  CELLS  AND  BATTERIES 

A  voltaic  cell  is  usually  composed  of  a  pair  of  electrodes 
immersed  in  a  liquid  or  in  two  liquids  separated  from  one  another 
by  a  porous  partition.  The  liquid,  or  liquids,  must  be  what  is 
known  as  an  electrolyte;  and  must  undergo  a  chemical  breaking 
up,  called  clectrohjsis,  with  chemical  action  on  one  or  both  elec- 
trodes when  the  circuit  is  closed  and  a  current  flows  through  the 
cell. 

Some  cells  fall  rapidly  in  e.  m.  f.  when  the  circuit  is  kept  closed. 
This  phenomenon  is  known  as  polarization,  and  it  frequently  is  due 
in  large  part  to  the  deposit  of  a  film  of  hydrogen  gas  on  the  surface 
of  one  of  the  electrodes  (the  cathode).  This  gas  is  one  of  the  products 
of  the  electrolysis  of  the  liquid.  If  the  cathode,  for  example  a  copper 
plate,  as  in  the  case  of  the  gravity  cell,  is  surrounded  by  a  solution 
of  copper  sulphate,  the  hydrogen  does  not  reach  the  copper  plate  but 
is  intercepted  by  the  copper  sulphate  solution,  and  copper  instead  of 
hydrogen  is  deposited.  Naturally,  the  deposit  of  copper  on  a  copper 
plate  produces  no  polarization.  The  copper  sulphate  solution  is 
called  a  depolarizer.  The  other  electrode  of  the  gravity  cell  is  zinc 
and  is  immersed  in  a  dilute  solution  of  either  zinc  sulphate  or  sul- 
phuric acid. 

In  the  Grove  and  the  Buiisen  cells,  the  depolarizer  is  nitric  acid 
in  a  porous  cup  in  which  the  cathode  is  immersed.  The  nitric  acid 
is  rich  in  oxygen  which  it  gives  up  to  oxidize  the  hydrogen  gas,  thus 
forming  water  (HgO)  which  makes  the  solution  more  dilute  but 
causes  no  polarization.  Cells  with  liquid  depolarizers  cannot  be  left 
on  open  circuit  as  the  li(juids  diffuse  into  one  another  and  the  cell  is 
spoiled.  Cells  for  open  circuit  use  must  have  cither  a  solid  or  a 
paste  for  a  depolarizer.  The  Leclanch^  cell  has  manganese  dioxide 
(a  solid)  packed  in  a  porous  cup  about  its  cathode  of  carbon.  The 
data  of  vatious  cells  can  be  found  in  books  on  cells. 
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Standard  Cells.  There  have  been  various  cells  used  as  standards  . 
of  e.  m.  f.  of  which  the  Clark  and  the  Weston  have  received  most  at- 
tention. A  .stnudnrd  cell  must  Ik*  composed  of  materials  which, 
while  the  cell  is  in  use,  do  not  change;  that  is,  no  new^  substance  may 
be  forme<l  by  the  action  of  the  cell;  the  cell  should  have  little  or  no 
polarization  when  ust*<l  by  zero  metho<ls  like  the  potentiometer 
ineth(Kl  des(,Tibed  above;  the  cell  also  must  not  deteriorate  when  left 
on  open  circuit. 

Both  the  Clark  and  the  Weston  Cells  fulfill  these  recjuirements. 
At  the  International  Electrical  Congress,  held  in  Chicago,  1S93,  the 
normal  Clark  cell  was  recommended  for  international  legalization  and 
its  e.  m.  f.  at  15°  C.  was  voted  to  l>e  considered  for  practical  purposes 
as  1.434  volts;  and  a  committee,  consisting  of  Professors  von  Ilelm- 
holtz,  A\Tton,  and  Carhart,  was  charged  with  the  duty  of  drawing  up 
specifications  for  the  precise  form  of  the  cell.  Von  Ilelmholtz  died 
soon  afterward  and  the  other  members  of  the  committee  could  not 
agree  on  the  specifications,  with  the  result  that  the  principal  countries 
{\n  electrical  matters)  have  never  agreed  on  a  form  for  the  cell. 

It  has  now  been  displaced  by  the  Weston  cell,  which,  in  1908,  was 
recommended  by  an  International  Conference  in  London  as  an 
international  standard.  It  is  now  known  that  the  Clark  cell  has  an 
e.  m.  f.  slightly  below  1.433  volts,  instead  of  1.434  volts  as  thought  in 
1893.  The  normal  Clark  cell  uses  as  materials  zinc  amalgam  in  a 
saturated  aqueous  solution  of  zinc  sulphate,  with  an  excess  of  zinc 
sulphate  crystals  present,  and  pure  mercury  in  the  presence  of  mercu- 
rous  sulphate  in  the  form  of  a  paste  which  acts  as  the  depolarizer. 
The  action  of  the  cell  is  to  form  more  zinc  sulphate  and  reduce  some 
of  the  mercurous  sulphate  to  mercury,  or  vice  versd,  when  the  current 
flows  in  the  direction  of  the  e.  m.  f.  or  is  driven  in  the  opposite  direc- 
tion by  a  greater  outside  e.  m.  f.  The  principal  objection  to  the 
normal  Ckrk  cell  is  that  its  e.  m.  f.  changes  by  a  considerable  amount 
with  change  in  temperature,  falling  al)out  0.08%  for  every  Centigrade 
<legree  rise  in  temperature. 

The  Weston  normal  cell  Ls  similar  to  the  Clark  cell  except  that 
cadmium  replaces  the  zinc,  and  cadmium  sulphate  the  zinc  .sulphate 
Tlie  Weston  normal  cell  has  a  much  lower  temperature  cm'fficient 
than  the  Clark  cell,  its  e.  m.  f.  falling  alM)ut  O.()04()()%  for  each  Centi- 
grade degree  rise  above  20°  C.  and  vice  vers  A.     The  e.  m.  f.  of  the 
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Weston  normal  cell  at  20°  C.  was   recommended    by   the    London 
conference  of  1908  to  be  taken  provisionally  as  1,0184  volts. 

Storage  Cells.  Many  voltaic  cells  when  exhausted,  may  be  re- 
charged by  forcing  current  through  the  cell  in  the  re'verse  direction 
by  the  application  of  an  outside  e.  m.  f.  greater  than  the  e.  m.  f.  of 
the  cell.  Such  cells  are  called  storage  cells.  In  general  only  such 
cells  as  form  no  new  kind  of  material  when  discharging  are  reversible, 
and  evidently  a  cell  to  be  charged  and  discharged  repeatedly  must  be 
reversible. 

All  standard  cells  must  be  reversible.  Reversibility,  however, 
is  not  the  only  requirement  of  storage  cells  to  be  used  commercially. 
Other  qualities  required  are  low  internal  resistance,  large  capacity 
for  charge  measured  in  ampere  hours  in  comparison  with  size  and 
weight,  long  life  under  service,  ability  to  stand  without  harm  in  open 
circuit,  moderate  cost,  etc. 

The  storage  cell  most  used  commercially  has  both  plates  of  lead 
with  dilute  sulphuric  acid  as  electrolyte  and  lead  peroxide  as  the 
depolarizer.  The  lead  peroxide  is  a  solid  or  paste  which  adheres  to 
the  positive  pole  of  the  battery.  The  e.  m.  f.  of  a  lead  cell  is  about 
2.2  volts  when  fully  charged  and  may  safely  be  discharged  until  its 
e.  m.  f.  is  reduced  to  1.8  volts.  When  the  cell  is  charged  one  plate 
has  a  deposit  of  lead  peroxide,  and  the  other  has  a  spongy  texture, 
due  to  its  reduction  from  an  oxide  or  a  su'phate  of  lead  in  its  previous 
history.  When  the  battery  is  discharged,  the  sulphuric  acid  is  elec- 
trolyzed;  the  hydrogen  formed  reduces  some  of  the  lead  perox- 
ide of  the  positive,  and  the  sulphion  forms  some  insoluble  lead 
sulphate  from  the  negative.  The  sulphuric  acid  becomes  more 
dilute.  On  recharging  the  cell  the  lead  sulphate  is  reduced  to 
spongy  lead  at  the  negative,  some  additional  lead  peroxide  is 
formed  on  the  positive,  and  the  density  of  the  sulphuric  acid  in- 
creases. For  details  as  to  the  manufacture  of  the  various  varieties 
of  lead  cells  and  other  storage  cells,  the  reader  is  referred  to  works 
on  storage  cells. 

To  increase  the  capacity  of  a  cell  the  negative  consists  generally 
of  a  number  of  plates  connected  together  both  electrically  and  mechan- 
ically, and  the  positive  consists  of  one  plate  less  in  number  and 
connected  together  in  the  same  manner.  The  positive  plates  are 
interlarded  between  the  negative  platies. 
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Storagt*  cells  are  also  callnl  secondary  celU  or  accumulators  by 
some  writers. 

Batteries.  The  won  I  Imttery  is  teehiiieully  use<l  to  mean  a  group 
of  cells.  Ill  common  parlance  the  wonl  is  iis*^!  sometimes  to  mean  a 
single  cell;  but  this  use  is  not  to  be  recommen<l«l. 

MEASUREMENT  OF  CURRENT 

Electrodynamomctcrs.  In  the  choice  of  a  unit  of  current,  it  was 
decided  that  a  unit  of  current  in  a  straight  conductor  at  right  angles 
to  a  unit  magnetic  field,  should  exert  a  force  (at  right  angles  to  both 
(he  direc'tions  of  current  and  field)  of  one  dyne  j)er  unit  length  of  the 
conductor.  As  mentioned  earlier,  this  unit  of  current  was  thought  to 
be  inconveniently  large  by  the  committee  of  the  British  Association 
for  the  Advancement  of  Science,  which  had  the  matter  of  electrical 
units  in  charge,  and  as  a  consequence  for  practical  purposes  they 
recommended  that  one-tenth  of  this  theoretical  unit  should  Ix;  taken 
as  the  practical  unit.  The  latter  unit  is  calletl  the  ampere.  As  the 
magnetic  field  due  to  the  flow  of  an  electric  current  in  coils,  may  be 
computed  from  the  data  of  the  coils  and  the  current,  it  is  evident  that 
absolute  electrodynamomctcrs  may  be  made  to  measure  current  with- 
out the  intervention  of  other  electrical  measuring  apparatus.  These 
absolute  electrodynamomctcrs  may  take  various  forms,  including 
that  of  current  balance.  By  means  of  an  absolute  electrodyna- 
mometer  and  a  standard  resistance,  the  e.  m.  f.  of  standard  cells  may 
be  determined  with  a  high  degree  of  accuracy  according  to  the 
principle  of  Ohm's  law. 

By  comparison  either  directly  with  the  standard  electrodyna- 
mometer  or  indirectly  by  means  of  standard  resistances  and  standard 
cells,  other  forms  of  electrodynamomctcrs  and  all  forms  of  ammeters 
may  be  adjusted  so  as  to  read  amperes.  It  is  evident  from  the  above 
that  as  more  improved  absolute  electrodynamomctcrs  are  constructed, 
we  may  expect  greater  exactness  in  the  determination  of  the  e.  m.  f. 
of  the  Weston  normal  cell,  which  for  the  present  is  taken  as  1.0184 
volts  at  20°  C. 

Ammeters.  An  ammeter  is  a  gidvanometer  graduated  so  that 
it  reads  current  direcdy  in  amperes.  This  graduation  is  obtained 
directly  by  compari.Hon  with  either  an  absolute  electnxlynamomcter 
or  indirectly  by  means  of  a  standard  cell  and  standard  resistances. 
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Ammeters  for  any  desired  range  of  current  are  on  the  market,  and 
the  accuracy  of  their  readings  is  in  proportion  to  the  care  with  which 
they  have  been  constructed  and  calibrated.  Even  the  best  are 
moderate  in  price  and  the  poorest  should  not  be  one  per  cent  in  error. 

Ammeters  to  measure  large  currents  carry  the  main  portion  of 
the  current  through  shunts  which  differ  theoretically  in  no  respect 
from  the  shunts  used  with  other  forms  of  galvanometer. 

To  measure  current  by  means  of  an  ammeter  involves  intro- 
ducing the  instrument  into  the  circuit,  care  being  taken  to  connect  the 
terminal  marked  +  to  the  positive  terminal  of  the  source  of  e.  m.  f. 
The  exact  position  of  the  ammeter  in  an  undivided  circuit  is  not  im- 
portant, as  the  current  is  the  same  throughout  the  circuit.  Care 
should  be  taken  that  the  ammeter  has  a  range  which  the  current  does 
not  exceed;  otherwise  the  pointer  may  be  bent  or  even  the  ammeter 
may  be  burned  out  by  the  action  of  excessive  current.  An  ammeter 
has  an  exceedingly  small  resistance,  and  to  connect  an  ammeter  with- 
out additional  resistance  between  the  terminals  of  a  dynamo  or  a 
battery  is  to  produce  a  short  circuit  practically.  Excessive  current 
will  flow  through  the  ammeter  and  it  probably  will  be  destroyed. 

Ammeters  designed  for  direct-current  circuits  cannot  be  used 
on  alternating-current  circuits.  Some  forms  of  A.  C.  ammeters  may 
be  used  on  D.  C.  circuits;  but  as  a  rule  ammeters  should  be  used  on 
the  type  of  circuit  for  which  they  are  designed. 

Calibration  of  Ammeters.  An  ammeter  may  be  compared 
directly  with  another  in  the  same  circuit  by  putting  them  in  series  and 
observing  their  readings  with  various  values  of  the  current.  The 
current  may  be  varied  by  changing  the  resistance  in  the  circuit  or  the 
e.  m.  f.  The  potentiometer  method  may  be  used  to  calibrate  an  am- 
meter. 

Potentiometer  Method.  The  most  exact  method  of  measuring  a 
current,  assuming  that  the  e.  m.  f.  of  a  standard  cell  and  the  resistance 
of  standard  coils  are  known,  is  the  potentiometer  method.  This  is 
not  an  absolute  method.  The  arrangement  of  the  apparatus  is  some- 
what complicated;  but  if  it  is  compared  with  the  potentiometer 
method  as  used  for  the  comparison  of  e.  m.  f.'s  (page  41)  it 
will  be  seen  that  the  commutator  C,  Fig.  35,  is  used  to  insert  in 
the  galvanometer  branch  either  the  standard  cell  of  known  e.  m.  f. 
(S  or  a  potential  difference  over  a  known  resistance  R  due  to  the 
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current  to  be  measured  /.  The  current  /  may  be  passecl  also 
through  an  ammeter  A  in  circuit  with  R,  a  rheostat  and  an 
auxiliary  battery  J5f,  which  causes  the  current  /  to  flow  through  the 
circuit.  In  the  lower  [)art  of  the  diagram  the  galvanometer  (i 
and,  if  desired,  a  high  resistance  to  protect  the  galvanometer,  are 
connected  between  the  left  end  of  the  commutator  and  one  ter- 
minal of  the  resistance 
box  L;  the  right  end  of 
the  commutator  is  con- 
nected to  the  other  ter- 
minal of  /..  The  auxil- 
iary battery  B^  serves 
to  send  a  constant  cur- 
rent through  L  and  M, 
whose  combined  resist- 
ance is  kept  constant  at, 
say,  10,000  ohms.  In 
setting  up  the  appara- 
tus, 10,000  ohms  should 
be  insertetl  in  L  and  M 
Ix'fore  connecting  the 
battery/?, ;  otherwise  the 
battery   will   become  badly  polarize*!   due  to  an  excessive  current. 


Pig.  85.    Poteutiometer  Method  ot  Current 
Measurement. 


This  precaution  is  very  important.     When  a  balance  is  obtained  no 
current  passes  through  the  galvanometer  on  closing  the  key  K. 

The  order  of  procedure  is  as  follows:  first,  connect  <S'  in  circuit 
by  means  of  the  commutator  C  and  shift  resistance  from  L  to  M,  or 
vice  versA  until,  on  closing  the  key  K  a  balance  is  reached,  as  indicated 
by  a  zero  deflection  of  the  galvanometer.  The  fall  of  potential 
through  L,  which  under  these  conditions  is  exactly  equal  to  the  e.  m.  f. 
of  the  standard  cell  S,  is  then  equal  to  its  resistance  /?,  multiplied  by 
the  current  7  from  the  battery  B^,  or  S  =  R^  /,;  second,  close  the 
upper  circuit  by  A',,  reverse  the  commutator  to  the  {x)sition  shown  in 
the  figure  by  dotted  lines,  which  throws  the  p.  d.  over  R  into  the 
galvanometer  circuit.  Adjust  L  and  M  until  no  current  flows  through 
the  galvanometer  on  closing  the  key  A',.  The  total  resistance  in  L 
and  M  is  still  kept  10,0(X)  ohms.  The  resistance  in  L  now  has  a  value 
A,,  and  the  potential  difference  over  L  is  now  R^  l^  and  is  also  in  the 
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galvanometer  circuit.  If  no  current  flows  through  the  galvanometer, 
iJj  /,  must  exactly  equal  and  oppose  the  fall  of  potential  R  I  over  the 
resistance  R.     We  then  have 

S  =  RJ„    and  RI  =  RJ^, 
or,  combining  these  equations, 

7  =  ^2X8 
R   X  R, 

By  adjusting  the  rheostat  in  the  upper,  or  the  battery  B^  circuit, 
the  current  to  be  measured  /,  and  consequently  the  point  at  which  the 
calibration  of  the  ammeter  is  desired,  may  be  changed  at  will.  The 
only  limitation  is  that  the  battery  B^  must  have  a  higher  e.  m.  f.  than 
the  standard  cell's  e.  m.  f.,  and  also  higher  than  the  largest  p.  d.  over 
the  resistance  R. 

As  the  e.  m.  f.  of  5j  may  be  increased,  if  necessary,  by  intro- 
ducing additional  cells  into  B^,  there  is  no  limit  to  the  current  I  (in  the 
upper  circuit)  which  may  be  measured.  In  the  case  of  very  large 
currents  the  standard  resistance  R  should  be  of  relatively  low  re- 
sistance. If  too  much  heat  is  developed  in  R  its  temperature  may 
rise  with  consequent  change  of  resistance. 

Standard  resistances  are  made  of  manganin  which  will  carry 
any  reasonable  current  without  undue  heating  or  change  of  re- 
sistance. These  standards  are  arranged  so  that  the  wire  may  be 
immersed  in  an  oil  bath  (pure  petroleum)  which  may  be  kept 
stirred  so  that  the  heat  may  be  carried  away.  A  thermometer  in 
the  oil  bath  may  be  used  to  measure  the  temperature.  Allowance 
thus  may  be  made  for  any  change  in  resistance  due  to  change  in  tem- 
perature. 

Such  standards  are  made  by  the  best  manufacturers  for  100, 10, 1, 
0.1,  0.01,  and  0.001  ohms  resistance.  Standard  resistances  calibrated 
by  the  Bureau  of  Standards  at  Washington  are  moderately  expensive, 
but  the  cost  is  not  higher  than  the  cost  of  manufacture  and  testing  at 
the  Bureau  would  warrant.  The  certificate  which  accompanies  each 
coil  states  the  resistance  at  20°  C.  and  the  change  of  resistance  per 
degree  change  of  temperature. 

Silver  Voltameter  Method.  If  a  current  Is  passed  through  a  solu- 
tion of  silver  nitrate,  each  ampere  deposits  0.001118  gram  of  silver 
from  the  solution  each  second.  This  is  closely  equal  to  4  ^V  grams 
per  hour.     The  silver  voltameter  is  very  difficult  to  handle  with  the 
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degree  of  accuracy  that  is  necessary  for  good  results,  so  it  is  not 
rcconimendetl  for  gciu'ral  use. 

To  set  up  a  voltameter,  a  platitium  bowl  is  used  as  a  cathode  and 
a  plate  of  pure  silver  as  au  arxHJe.  The  electrolyte,  15  to  20  parts  by 
weight  of  pure  silver  nitrate  addwl  to  100  parts  of  distilled  water,  is 
phicefl  in  the  lx>wl,  and  the  anode  immersed  in  the  solution.  A  cur- 
rent density  of  |  ampere  or  less  per  sq.  cm.  is  allowetl  at  the  ano<le, 
and  of  j'y  ampere  or  less  per  s(j.  cm.  at  the  cathcxie.  Care  is  to  lie 
taken  that  no  particles  of  silver  mechanically  detache<l  from  the 
anode  shall  reach  the  cathode.  This  may  be  accomplished  by 
wrapping  the  anotle  in  clean  filter  paper. 

Before  weighing  the  cathode  to  determine  its  increase  in  weight, 
any  trace  of  the  solution  must  be  remove<l  by  careful  working  with 
distilled  water  and  the  cathode  dried.  This  seems  easy,  but  it  is  dif- 
ficult, in  fact. 

The  solution  slmnM  br  made  anew  for  each  experiment. 
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PART  II— AI)VANCP:I) 


MEASUREMENT  OF  CAPACITY 

Ballistic  Galvanometer.  In  the  measurement  of  the  capacity 
of  a  condenser  by  the  methods  given  in  tlie  subsecjuent  pages,  the 
charge  of  electricity  from  the  c-ondeaser  is  allowed  to  flow  as  a  mo- 
mentary current  through  a  galvanometer,  giving  the  suspension  a 
sudden  kick.  In  order  to  calculate  from  this  deflection  the  quantity 
of  electricity  in  the  condenser,  it  is  necessary  to  assume  that  the 
galvanometer  suspension  is  so  heavy  that  it  will  not  have  moved 
very  far  before  the  charge  has  completely  passed.  This  requisite, 
viz,  a  heavy  suspension,  is  the  distinguishing  feature  of  the  ballistic 
type  of  galvanometer.     (See  Fig.  7,  Part  I.) 

As  a  rule  the  methods  of  measurement  involve  only  a  comparison 
of  the  deflections  produced  in  the  ballistic  galvanometer  by  charged 
condensers  of  known  and  unknown  capacity,  so  that,  as  long  as  the 
capacity  of  a  standard  condenser  is  known,  the  unknown  factors, 
the  galvanometer  constant,  etc.,  are  unimportant.  Nevertheless  it 
may  be  instructive  to  know  how  these  unknowns  can  be  determined 
and  the  deflections  can  be  made  to  give  the  actual  quantity  of  elec- 
tricity in  the  given  condensers. 

Because  of  the  fact  that  the  deflection  of  the  galvanometer  is  not 
proportional  to  the  current  which  produces  the  deflection,  it  is  neces- 
sary to  know  the  factor  called  the  constant  of  the  galvanometer  before 
measurements  can  be  taken.  This  constant  is  used  in  various  forms 
but  can  Ix*  briefly  stated"  as  the  constant  ratio  between  the  current  and 
the  deflection  produced  by  it.  ^Vhcn  put  in  more  definite  form  it  can 
be  given  as  follows : 

„       2  I  D 

K ^- 

in  which  /  is  the  current  flowing  in  the  galvanometer,  D  is  the  distance 
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from  the  galvanometer  mirror  to  the  scale,  and  d  is  the  deflection  pro- 
duced on  the  scale. 

AVith  this  in  mind  let  us  consider  how  to  find  the  quantity  oj  elec- 
tricity Q  from  the  throw  0  oj  the  galvajiometer,  the  galvanometer  con- 
tant  K,  and  the  halj  'period  oj  the  suspension. 

As  has  been  stated  above,  while 
the  quantity  Q  is  passing  through 
the  galvanometer,  short  though 
it  may  be  in  duration,  it  consti- 
tutes a  current  and  the  magnetic 
effect  of  this  current  exerts  a 
turning  moment  on  the  coil. 

If  /  represents  the  mean  value 
of  this  current,  then  the  mean 
moment  of  force  Fh  acting  on  the 
coil  while  the  current  is  flowing  is 

Fh  =  IHA 
in  which  H  is  the  strength  of  the 
field  and  A  is  the  area  of  the 
galvanometer  coil.  If  r  is  the 
duration  of  the  discharge,  then 
the  moment  of  force  times  the  time  can  be  given  by 

Fhr  =  ItHA  =  QUA 
in  which  Q  is  the  quantity  of  electricity,  equal  to  It. 

If  the  moment  of  inertia  M  of  the  suspension  and  the  angular 
velocity,  which  is  given  to  it  by  this  kick,  are  taken  into  consideration, 
the  quantity  of  electricity  Q  may  be  obtained  from  the  above  equation 
as  follows: 

-•  o 

in  which  <»  is  the  angular  velocity  and  Tg  is  the  torsion  constant  of  the 
suspension.  By  taking  the  half  period  of  the  suspension,  which  is 
easily  obtained  by  counting  the  time  of  a  given  number  of  swings, 
and  expressing  o  in  terms  of  the  angle  of  throw  0,  the  expression 
for  the  quantity  of  electricity  is  given  by  the  following  equation : 

n  -  ^^^ 

TT 

in  which  K  is  the  galvanometer  constant,  6  the  angle  of  throw  (ob- 


Fig.  36. 


O' 

Damping  Diagram. 
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taincd  by  dividing  the  dt'flt'ction  d  by  twice  the  distance  from  mirror 
to  scale  D),  t  the  half  |XTiod  of  the  suspension,  and  tt  3.141G. 

For  accurate  work  0  must  Ik.'  multiplied  by  a  damping  factor 
I  p,  derived  as  follows:  With  the  susfK'nsion  swinging  freely,  Fig. 
3G,  take  a  deflection  0^,  then  after  a  given  number  of  swings  (n-nt) 

take  another  deflection,  ^„;   p  is  the  (ii-wi)  root  of  the  ratio  — — . 

"  n 

Condensers.  A  condenser  consists  in  its  simplest  form  of  two 
metal  sheets  separated  by  a  nonconducting  material,  Fig.  37.  If  an 
e.  m  .f.  is  applied  to  the  two  metal  sheets,  they  will  take  a  static  charge, 
one  positive  and  the  other  negative.  The  nonconducting  material 
is  called  a  dielectric,  as  the  electric  force  acts  through  it  (dia  meaning 
through).     The  capacity  of  such  a  condenser  is  proportional  to  the 


Fig.  37.    CondenMr  SbeeU. 

area  of  the  sheets  and  inversely  proportional  to  the  thickness  of  the 
dielectric.  If  the  condenser  is  in  the  form  of  a  gl.iss  jar  coated  out- 
side and  inside  with  tin  foil,  the  arrangement  is  called  a  Leyden  jar. 
A  considerable  portion  of  the  surface  near  the  edges  of  the  jar  shoulU 
1h"  free  from  the  tin  foil  coating  in  order  that  the  charge  may  not  leak 
over  the  surface  of  the  glass.  The  best  condensers  are  made  of  many 
sheets  of  mica  with  sheets  of  tin  foil  interlarded,  every  alternate  one 
Innng  connecttxl  to  one,  and  the  others  to  the  other  terminal  of  the 
eondenser.  Fig,  .'iS.  By  using  many  sheets  of  tin  foil  the  cajwicity  is 
increasetl  in  pro|)ortion  to  the  total  area.  Mica  is  an  excellent  ma- 
terial for  the  dielectric  as  its  resistance  is  extremely  high,  and  very 
thin  sheets  have  enough  strength  to  withstand  the  m'echanical  stress 
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due  to  the  electric  charges  without  breaking  down.  The  mica  and  tin 
foil  are  clamped  in  place  and  the  whole  immersed  in  melted  paraffin 
and  then  withdrawn,  carrying  out  a  coating  of  paraffin  which  pro- 
tects the  condenser  from  the  effects  of  moisture.  Several  condensers 
of  assorted  capacities  are  frequently  mounted  in  one  box,  Fig,  39. 
A  1  m.  f.  box  will  frequently  have  condensers  of  0.5, 0.2, 0.1, 0.1, 0.05 


Fig.  38.    Simple  Condenser. 


and  0.05  microfarad,  Fig.  40.  Cheaper  condensers  have  paraffined 
paper  or  other  materials  in  place  of  mica;  but  are  usually  poor  since 
the  dielectric,  though  it  does  not  break  down,  is  apt  to  yield  gradu- 
ally to  the  strain  of  the  charge,  producing  an  effect  which  is  known  as 
absorption  of  the  charge.  It  seems  as  though  some  of  the  charge  had 
been  lost  for  when  the  condenser  is  discharged,  less  charge  comes  out 

than  was  put  in.  It 
is  true  that  real 
leakage  causes  a 
loss  of  part  of  the 
charge,  but  we  find 
also  that  a  poor  con- 
denser, if  set  aside 
after  being  dis- 
charged, will,  on  a 
later  test,  show  a 
small  charge  which 
has  come  from  the 
gradual  return  of  the  dielectric  to  its  original  state.  The  Leyden 
jar  (glass  dielectric)  absorbs  a  considerable  portion  of  its  charge. 
Standard  condensers  are  sometimes  made  with  massive  plates  of 
metal  and  with  air,  which  has  no  absorption,  as  the  dielectric.  They 
are  very  expensive  and  have  small  capacity.     For  practical  purposes 


Fig.  39.    Variable  Condenser. 


66 


ELECTRICAL  MEASUREMENTS 


57 


the  best  condensers  have  mica  for  the  diehftric,   for   niira  shows 
almost  no  absorption  of  the  charge. 

Single  conductor  submarine  and  land  cables  have  the  properties 
of  condensers,  the  water  acting  as  the  second  sheet  in  the  case  of  the 
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Fig.  40.    Phui  of  Variable  Condenser. 

former,  and  the  usual  lead  covering  in  the  case  of  the  latter.  In 
telephone  cables,  each  pair  of  wires  and  the  insulation  between  make 
up  a  condenser.  These  cables  almost  always  show  considerable 
absorption  of  the  charge. 

Direct  Deflection  Method.  Two 
condensers  may  Ixi  compared  as  to 
their  capacity,  if  first  one  and  then 
the  other  is  charged  by  a  cell  B  of 
known  e.  m.  f.,  and  then  di.scharged 
through  a  ballistic  galvanometer  G, 
Fig.  41.  If  the  deflection  with  the 
standard  of  capacity  C  is  D^,  and 
that  with  the  unknown  of  capacity  A' 
is  r/,  then 


Y  —  C  - '- 
'^   "  ^  rf. 


Pig.  41. 


Diagrafn  for  Direct  Deflection 
Method. 


A  charge  and  discharge  key  A',  Fig. 

42,  connects  the  condenser  first  to  the  battery  and  then  to  the  galva- 
nometer. 

This  meth(xl  is  convenient,  but  the  accuracy  of  the  results  de- 
pends on  the  accuracy  with  which  the  throw  of  the  galvanometer  can 
be  read.    The  accuracy  is  not  much  better  than  1%  even  if  neither 
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condenser  shows  absorption  of  charge.     If  either  condenser  absorbs 

charge,  the  ratio  of  the  deflections  will  depend  on  the  time  of  charge 

and  the  slowness  of  clearing  out  of  the  charge.     There  are  better 

methods. 

Example.     With  a  condenser  of  0.5  microfarads  in  circuit,  the 

deflection  is  46  divisions;  with  the  unknown  capacity  X  in  circuit, 

the  deflection  is  69  divisions.     WTiat  is  X2 

Ans.   X  =  0.75  m.  f. 
Bridge  Methods.    The  Wheatstone's  bridge  method  of  comparing 

resistances  may  be  adapted  to  the  comparison  of  two  capacities. 

The  apparatus  may  be  arranged  as  shown  in  either  Fig.  43  or  Fig.  44. 

In  the  former  a  charge  and  discharge  key  is  used  to  charge  and  dis- 
charge the  condensers. 
If  all  the  charge  taken 
by  Cj  passes  through 
R^  and  all  taken  by  C^ 
passes  through  R^, 
both  in  charging  and 
discharging,  then  the 
galvanometer  will  not 
deflect ;  otherwise  it 
will  deflect  in  opposite 
directions  for  the 
charge  and  discharge. 
As  the  current  divides 

in  parallel  circuits  in  inverse  proportion  to  the  resistances;  and  as 

the  charge,  and  therefore  the  current,  taken  by  condensers  in  parallel 

is  directly  proportional  to  their  capacities,  it  is  evident  that  if  no 

current  passes  through  the  galvanometer 


Fig.  42.    Kempe  Discharge  Key. 


therefore 


In  Fig.  44  the  battery  circuit  produces  a  current  through  R^  and 
R^,  and  they  take  potential  dift'erences  between  tlieir  terminals  pro- 
portional to  their  resistances  when  the  current  becomes  steady.  The 
condensers  will  take  a  certain  charge;  and  if  the  galvanometer  is 
open,  both  condensers  must  take  equal  charges  regardless  of  their 
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capacities.  If  one  has  a  smaller  capacity  than  the  other,  the  former 
will  acquire  a  smaller  potential  difference  than  the  latter,  as  the  charge 
is  equal  to  the  pro<luct  of  the  capacity  and  the  potential  difference. 
If  C,  and  R^  acquire  equal  potential  differences,  and  C,  and  /?,  also 
equal  potential  differences,  then  on  closing  the  galvanometer  key  no 
deflection  will  result.  If  on  closing  the  gsdvanometer  key  a  deflec- 
tion results,  it  is  evident  that  the  above  relation  is  not  satisfied.  If  no 
deflection  results 

and 


r  =  f  — L 
^       ^'  R. 


FlK.  43.  Fig.  44. 

Diagrams  for  Bridge  Methods  for  Measuring  Capacities  of  Condensers. 


The  order  of  closing  and  opening  keys  is  important.  It  should  he 
as  follows:  First  clase  A',,  then  A',  and  note  deflection  if  any;  second, 
open  A',,  then  A',,  then  cl().sc  A',  and  note  deflection  (or  discharge) 
which  should  l>e  in  oppasite  <lirtvtion.  Ilien  open  A*,.  It  Is  neces- 
sary to  discharge  the  condensers  before  recharging  them,  otherwise 
they  will  take  no  new  charge  Ix'vond  what  is  ntncssary  to  make  up 
for  leakage  or  al)soq)tion  of  charg<".  If  the  condeiKsers  al>sorl)  charges 
it  b  impossible  to  get  a  perfect  balance. 
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Method  of  Mixtures.  In  the  method  of  mixtures  the  positive 
charge  taken  by  one  condenser  is  mixed  with  the  negative  charge  of 
the  other,  and  vice  versd,  and  the  remaining  difference  of  charges  is 
discharged  through  the  galvanometer.  This  method  allows  the  time 
of  charge  and  the  time  of  mixing  the  charges  to  be  varied  at  will, 
thus  allowing  the  absorbed  charge  more  or  less  time  to  make  itself 
felt. 

In  Fig.  45,  the  Pohl's  commutator  P,  by  bringing  the  points  e  and  c 
and /and  d  into  contact  as  indicated,  allows  the  condenser  C^  to  charge 
until  its  potential  difference  is  equal  to  that  over  R^  (due  to  the  current 
from  the  battery  B),  and  also  allows  C^  to  charge  until  its  potential 
difference  equals  that  over  R^.  The  commutator  is  then  reversed, 
bringing  e  into  contact  with  a,  and  /  into  contact  with  d.     The  points 

a  and  b  are  permanently 
connected  together.  The 
+  charge  on  C^  can  mix 
with  the  —  charge  on  C,, 
and  the  other  charges  on 
Cj  and  Cj — which  were 
previously  so-called 
bound  charges — now  be- 
come free  and  can  mix 
also.  The  remaining 
charges  are  divided  between  the  two  condensers  in  proportion  to 
their  capacities.  If  now  the  key  K  is  closed,  these  remaining  charges 
are  discharged  through  the  galvanometer.  If  no  deflection  occurs 
the  charge  remaining  must  be  nil.  As  (he  charge  taken  by  a  con- 
denser is  equal  to  the  product  of  its  capacity  multiplied  by  its 
potential  difference,  and  as  the  potential  differences  to  which  C,  and 
Oj  were  charged  were  proportional  to  R^  and  R^,  then,  by  Ohm's 
law,  when  the  charges  on  C^  and  C.^  are  equal  we  must  have  the 
relation  that 

C,  /?, 


Fig.  45.    Diagram  for  Method  of  !»Ii.xtures. 


C^  R^   = 


'2» 


or 


C,  =  C. 


R, 
'  R. 


If  condenser  Cj  absorbs  part  of  its  charge,  its  total  charge  will  increase 
on  charging  for  a  longer  time.     If  the  cljarges  are  allowed  to  mix 
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for  a  longer  time  there  is  more  opportunity  for  the  absorbed  charge  to 
be  given  up.  It  follows  that  if  the  time  of  charging  is  short,  the  capa- 
city of  the  C,  will  ap()ear  to  be  smaller  than  if  a  longer  time  of  charging 
were  allowed.  With  g(MKl  mica  condensers  little  effect  of  aV>sorption 
will  be  found.  With  most  other  di«>lectri(s  the  absorption  is  cjwite 
marked. 

Example.  If  in  the  bridge  method  or  in  the  metluxl  of  mixtures, 
C^  =  0.5  microfarads,  /?,  =  2,340  ohms,  and  /?,  =  1 ,000  ohms,  what 
is  C,?  Ans.  Cj  =   1.17  microfarads. 

Absolute  Method.  If  a  condenser  is  rapidly  charged  through 
a  galvanometer  and  then  discharged  bv  short  circuiting  the  condenser, 
the  deflection  of  the  galvanometer  will  Ix*  the  same  as  though  an  equal 
charge  had  passe<l  through  the  galvanometer  in  the  form  of  a  steady 
current  during  the  same 
time.  The  difficulty  with 
the  method  is  that  the 
galvanometer  obstructs 
the  complete  charge  of 
the  condenser  when  the 
charges  become  very  fre- 
quent. To  get  around 
this  difficulty  a  second 
circuit  to  the  galvanom- 
eter is  arranged  to  carry 
a  steady  current  equal  in 

value  but  opposite  in  direction  to  the  pulsating  current  due  to  the 
charge  of  the  condenser.  The  result  is  that  the  galvanometer  carries 
only  the  difference  of  these  two  currents,  and  when  a  balance  is 
obtained,  the  resultant  current  is  a  small  alternating  current,  alter- 
nately helped  and  hindered  by  the  resistance  and  inductance  of  the 
galvanometer.  The  metliod  then  becomes  somewhat  like  the  Wheat- 
stone's  bridge  metho<l. 

To  regulate  the  number  of  charges  to  a  uniform  numlxT  per 
second,  a  small  motor  running  at  a  constant  known  s[x"ed  or  an  elec- 
trically driven  tuning  fork  of  known  fre<|uency  of  vibration,  may  be 
used.  The  apparatus  is  arrange*!  as  in  Fig.  46.  If  the  condenser 
of  capacity  C  is  chargetl  when  the  movable  piece  P  makes  contact 
with  S,  part  of  the  charge  will  pass  through  the  galvanometer  of  re- 


Fig.  46. 


Diagram  for  .Absolute  Method  of  Capacity 
Measurement. 
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sistance  G.     The  condenser  is  discharged  when  P  makes  contact 
with  R.     The  battery  B  tends  to  send  a  steady  current  through  the 
divided  bridge  circuit,  part  passing  through  F  and  G  (both  of  fairly 
high  resistance)  and  part  through  A  (of  low  resistance).     The  re- 
sistance in  the  battery  arm  must  be  made  very  low  in  comparison  with 
F,  D,  and  G.     Let  us  suppose  D  a  fixed  resistance,  say,  1,000  ohms, 
and  A ,  1  ohm.     In  this  case  two  proportional  arms  of  a  posioffice  box 
may  be  used.     Adjust  F  until  a  balance  is  obtained,  with  no  deflection 
of  the  galvanometer.     Let  n  be  the  number  of  charges  of  the  condenser 
per  second.     We  then  have  the  closely  approximate  relation 
_      A  (F-^G)X  10° 
nF{DG  +  DF  +  AG) 
The  capacity  C  is  in  microfarads.     If  the  factor  10"  is  omitted,  the 
formula  will  give  C  in  farads. 

If  the  resistances  in  the  battery  branch  and  in  A  are  not  small, 
it  is  necessary  to  use  a  more  complicated  formula. 

Example.  When  a  balance  is  obtained  A  =  \  ohm,  F  =  2,340 
ohms,  G  =  10,000  ohms,  D  =  1,000  ohms,  and  n  =  32  periods  per 
second.     WTiat  is  the  capacity  of  C?    Ans.  C  =  0.01334  microfarad. 

Altemating=Current  Method.  If  a  circuit  through  which  an 
alternating  current  is  flowing  includes  a  condenser,  the  charge  and 
discharge  of  the  condenser  is  repeated  with  every  alternation  of  the 
current.  The  quantity  of  each  charge  is  equal  to  the  capacity  multi- 
plied by  the  p.  d.  to  which  the  condenser  is  charged.  The  rate  of 
charge  or  discharge  is  the  value  of  the  current  at  any  particular  instant. 
It  is  proved  in  treatises  on  alternating  currents  that  the  effective 
value  of  a  current  or  an  e.  m.  f.  is  the  square  root  of  the  average  square 
of  its  instantaneous  values.  Alternating-current  ammeters  and  volt- 
meters such  as  those  shown  in  Figs.  47,  52,  and  53,  calibrated  with 
direct  currents,  show  the  effective  values  of  A.  C.  currents  and  electro- 
motive forces.  The  theory  of  alternating  currents  shows  that  the 
current  passing  in  and  out  of  a  condenser,  if  the  e.  m.  f.  follows  a  sine 
law,  is 

27:nCE 
1,000,000 
From  this  it  follows  that 

^      1,000,000 /    ■  .„^_-    / 
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when  /  is  the  effective  vahie  of  the  current  in  amperes,  E  the  effective 
value  of  the  e.  ni.  f.  in  volts,  it  the  nunil)er  of  cycles  per  secoml  of  the 
e.  m.  f.  (and  consecjuently  of  the  current  too),  and  C  the  capacity 
of  the  conderjser  in  microfarads.  If  the  capacity  is  ratetl  in  farads, 
omit  the  factor  1  ,(XJ(),(XX).  In  Fig.  48  the  current  /  flows  through  the 
ammeter  A,  and  the  condenser  of  capacity  C  in  series.  A  high  re- 
sistance voltmeter  V  measures  the  potential  difference  E  at  the  termi- 
nals of  the  condenser. 


Fig.  47.    Commercial  Form  of  Portable  A.  C.  Voltmeter. 

Example.  The  ammeter  reads  1  ampere,  the  voltmeter  220 
volts,  the  frecjuency  n  is  60  cycles  per  second.  What  is  the  capacity 
of  the  condenser? 

Ans.  C  =  12.06  microfarads. 

If  the  voltmeter  takes  much  current  in  proportion  to  the  whole,  a 
correction  must  Ik?  made  for  it.  From  the  theory  of  alternating 
currents  a  condenser  takes  a  current  one-<juarter  of  a  period  in  phase 
ahead  of  its  potential  difference.  A  circuit  in  which  there  is  both 
resistance  and  inductance  takes  a  current  lagging  behind  the  potential 
difference.  As  voltmeters  have  some  inductance,  which  should  l)e 
small  in  comparison  with  the  resistance,  if  will  Im?  seen  that  tlu'  rurrenl 


73 


(•»4 


p:lectrical  measurements 


in  the  voltmeter  lags  a  little  over  a  quarter  period  in  phase  behind  the 
condenser  current.  The  relation  of  tlie  currents  with  apparatus  set 
up  as  in  the  previous  figure  is  shown  in  Fig.  49,  in  which  /„,  I^,  and 

/,.,  are  the  currents  in  the 
ammeter,  condenser,  and 
voltmeter  respectively. 
/„  and  I^  are  practically 
of  equal  length.  The 
directions  of  the  arrows 
show  the  phase  relations. 
If  the  condenser  cur- 
rent is  small  and  the  voltmeter  current  large  relatively,  it  will  be  seen 
from  Fig.  50  that  /„  may  be  materially  larger  than  I^.,  and  that  the 
ammeter  reading  must  be  corrected.  It 
may  be  shown  by  trigonometry  that  if  the 
voltmeter  current  lags  by  an  angle  a  behind 
its  potential  difference,  we  will  have  '*  ^®' 


Fig.  48.     Diagram  for  A.  C.  Method  of  Capacity 
Measurement. 


7,  =  7,  sin  a+   \/ IJ  -  (h  cos  af 

1  IT  n   T 
By  the  theory  of  alternating  currents  tan  a  = ,  where  n  is  the 

frequency  of  the  system,  L  the  self-inductance,  and  R  the  resistance  of 
the  part  of  the  circuit  considered.  If  n,  L,  and  R  are  known,  a  may 
be  found. 

Example.    What  correction,  if  any,  should  be 
made  in  the  previous  example,  7„  =  1  amp.,  E  = 
220  volts,  n  =  60  cycles  per  second,  if  the  volt- 
meter takes  a  current  0.06  amp.  lagging  1°  behind 
*^8-  50  its  potential  difference? 

Solid  ion. 

sin  1°  =  0.01745,  cos  1°  =  0.99985 
7„  =  0.00105  +  1^0.9964012  =  0.00105  +  0.99820 
=  0.99925  amp. 

As  the  correction  of  the  current  is  far  below  the  accuracy  with  which 
the  ammeter  may  be  read,  no  correction  in  the  computed  capacity  of 
the  condenser  should  be  made. 

Example.     If  the  current  observed  was  0.1  amp.,  the  other  data 
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remaining  the  same  as  in  the  previous  example,  what  correction,  if 
any,  should  be  made? 
Solution. 

I,  =  0.00105  4-  1^0.0004012 

=  0.00105  +  O.OSOOl  =  O.OSKXJ  amp. 
The  uncorrected  formula  gives  C  =  1.200  microfarads 
The  corrected  formula  gives       C  =  0.978 
The  difference  is  0.228 

which  is  19%,  a  difference  much  too  large  to  Ix?  ignored. 

MEASUREMENT  OF  SELF-INDUCTANCE 

Most  methods  of  measuring  inductance  are  too  difficult  for  the 
readers  of  this  b<x)k.  The  difficulty  is  due  to  the  fact  that  a  coil  of 
wire  which  has  inductance,  has  resistance  also.  During  the  increase  of 
a  current  the  inductance  acts  as  a  false  resistance  which  makes  the 
resistance  appear  too  high.  During  the  current's  decrease,  however, 
the  inductance  acts  as  a  negative  resistance,  which  makes  the  resist- 
ance appear  too  low.  In  the  case  of  an  alternating  current  the  effwt 
is  to  make  the  apparent  resistance,  called  the  impedance,  higher  than 
the  real  resistance.     Algebraically  expressed  we  have 

E 


Impedance  =  ^H*  +  4  rr*  n'  L'  =  — 


in  which  R  is  the  real  resistance  in  ohms,  rr  =  3.1416,  n  the  frequency 
in  cycles  per  second,  L  the  inductance  ip  henrys,  E  the  e.  m.  f.  in 
volts,  and  /  the  current  in  amperes.  The  impedance  of  a  coil  is  there- 
fore not  a  constant  quantity  if  R  and  L  are  constant,  but  depends  on 
the  frecjuency  n.  For  commercial  lighting  ii  is  usually  00,  and  for 
power  circuits  25  cycles  per  second.  Coils  which  have  an  iron  core 
do  not  have  a  constant  self-inductance,  for  the  latter,  witii  increase 
of  current,  rises  slightly  to  a  maximum  and  then  falls  off  greatly  for 
large  values  of  the  current. 

Alternating-Current  Method.  If  in  a  circuit,  Fig.  51 ,  the  cumnt 
through  a  coil  of  known  resistance  R  and  unknown  inductimce  L,  is 
measured  by  means  of  an  ammeter  A  (two  views  of  a  well-known 
coinnK'nial  insiminent  are  shown  in  Figs.  52  an<l  58),  and  the 
potential  difference  E  over  the  coil  is  measured  by  a  voltmeter  T, 
we  have  the  following  relation 
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2nnL   =  ^^  -  R\ 


or 


2  7zn\  P 


Example.  In  a  circuit  for  which  the  frequency  n  =  60  cycles 
per  second,  R  =  0.1  ohm,  J5  =  110  volts,  and  /  =  10  amperes,  what 
is  the  value  of  the  inductance  L? 

Ans.  L  =  0.0292  henry. 

If  the  resistance  or  inductance  is  very  high,  so  that  the  total  cur- 
^    ,  rent  is  small,  a  correction 

-  ''^TjTTTTTyryTI"^] •  must  be  made  for  the  por- 
tion of  the  current  pass- 
ing through  the  volt- 
meter.     The    corrected 


Fig.  51.    Diagram  for  A.  C.  Method  of  Self-Inductance   formula    is   verv   COmoli- 
Measnrement.  •  " 

cated  when  expressed 
directly  in  terms  of  L,  I,  R,  r,  the  inductances  and  resistances  of  the 
coil  and  the  voltmeter  respectively,  n  the  frequency,  E  the  potential 
difference,  and  7„  the  current  through  the  ammeter.     If  the  tangents  of 

the  lag  of  the  current  in  the  two 
branches  of  the  circuit  are  for 
the  coil 


tan  b  = 


2  TT  n  L 
R 


and  for  the  voltmeter  circuit 


tan  a  = 


27tnl 


Fig.  52. 


Thomson  Inclined  Coil  A.  C. 
Ammeter. 


we  get  the  equation  for  the 
cosine  of  the  difference  be- 
tween o  and  h 
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c<»(±(a-6))-f(^-L-^) 

Usually  b  is  greater  than  a,  so  we  write  the  formuUi 

,.  .       rR    //„'  1  1  X 

As  the  constants  of  the  voltmeter  are  suppose<l  to  be  known,  the  angle 
a  is  known;  therefore  6  may  l)e  determineil  and  we  finally  get 


L  = 


R  tan  b 
2  t:  n 


If  6  is  so  small  that  the  difference  between  a  and  b  is  not  greater  than 


Fig.  53.    Thomson  Inrlineil  Coil  A.  C.  Ammet«r. 

a,  there  is  always  the  possibility  that  the  previous  formula  is  the  cosine 
of  (a  —  6).  To  determine  which  result  to  take,  it  is  necessary  to 
repeat  the  experiment  with  additional  resistance  in  one  of  the  two 
branches,  and  to  take  the  value  of  L  that  equals  one  of  the  previous 
solutions.  As  a  rule,  however,  the  difference  between  a  and  b  will  be 
greater  than  a,  and  the  incorrect  result  will  lead  to  a  negative  value  for 
6.     As  6  must  be  positive,  the  negative  result  is  rejected  as  impossible. 
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Bridge  Method.  Two  self-inductances  may  be  compared  by  a 
modification  of  the  Wheatstone's  bridge  metkod.  In  the  simplest  of 
many  bridge  methods  the  coil  of  unknown  inductance  X  is  one  arm  of 
the  bridge;  a  double  coil,  Fig.  54,  whose  inductance  L  may  be  varied 
by  rotating  one  part  to  various  positions  inside  the  other  part,  and 
whose  inductance  is  known  for  each  position  and  marked  by  a  pointer 
on  a  circular  scale  for-each  position,  is  inserted  in  an  adjacent  arm. 
The  other  arms  are  non-inductive  resistances  R^  and  R^.  The  ar- 
rangement is  shown  in  Fig.  55.  The  inductive  branches  have  cer- 
tain resistances  R^  and  R^.  A  regular  Wheatstone's  bridge  balance  is 
obtained  by  adjusting  the  resistances  R^  and  R2,  care  being  taken  to 
close  the  key  K^  in  the  galvanometer  branch  several  seconds  after 

closing  the  key  K^  in  the 
battery  branch.  This  pre- 
caution is  necessary  to  in- 
sure that  the  currents  are 
steady  when  the  galvanom- 
eter key  is  closed,  as 
inductive  effects  are  pro- 
duced only  when  the  current 
is  changing  in  value.  When 
a  balance  is  obtained 
R^:R^::R^:  R^.  If  now 
the  galvanometer  key  K^  is 
closed  first,  the  false  resist- 
ance due  to  inductance,  will 
cause  the  galvanometer  to 
deflect  when  the  battery  cir- 
cuit is  closed.  After  oscil- 
lating a  number  of  times  the 
galvanometer  finally  comes 
to  rest  at  its  zero  position.  On  opening  the  battery  circuit  the  first 
deflection  is  in  the  opposite  direction.  If,  now,  the  variable  induct- 
ance is  adjusted  until  there  is  no  deflection  on  closing  the  battery 
circuit,  the  galvanometer  circuit  having  been  closed  in  advance,  the 
false  resistances  due  to  inductance  must  increase  the  apparent  resist- 
ances in  both  inductive  branches  in  proportion  to  their  real  resist- 
ances, from  which  it  follows  that 


Fig.  54.    Variable  hjdl-luductance. 
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m 


and  we  get  the  relation 

R, 


X  =  L 


^, 


Vlg.  55.    Diagram  of  Hridpo  Method  of  SelMtxlurtanre 
Measureiiicut. 


If  no  variable  standanl  of  inductance  h  available,  there  arc  various 

modifications  of  the   bridge  method   which    may  Ik*  use<l.     These 

methods  are   as 

a  rule  very  com- 

plicated  and 

consequently  \)e- 

yond   the   scope 

of  this  course. 
Condenser 

Method.     The 

self-inductance 

of  a  coil  may  be 

compared    with 

the  capacity  of  a 

condenser.    The 

bridge  is  set  up 

as  imlicated  in  Fig.  .V).     The  coinlen.ser  of  rapacity  C  is  in  parallel 

with  M  which  is  one  part  of  a  constant  resistance  /?,.    R^  =  M  +  N. 

Rj  and  /?,  are 
resistances,  one 
or  both  of  which 
may  be  varied  at 
will.  The  coil 
of  resistance  R^, 
whose  induct- 
ance Z.  is  to  be 
measured,  is  in 
the  fourth  arm  of 
the  bridge.  The 
galvanometer  G, 
battery  B,  and 
keys  A',  and  A', 

are  as  usual.     Tlie  resistances  are  adjusted  in  /?,  and  R^  until  a 

balance  is  reached,  when  A',  is  cltwed  several  seconds  after  closing  A'^. 


Fig.  56.    Diagram  of  Bridge  Method  ot  Sotf-Inductance 
Heasurement. 


TO 
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Then  /J,  :  R^: :  R^:  R^,  the  usual  Wheatstone's  bridge  relation.  The 
galvanometer  key  K^  is  next  kept  closed  and  resistance  shifted  between 
M  and  N,  care  being  taken  to  keep  M  -\-  N  =  R^  constant,  until 
no  deflection  is  produced  at  the  instant  of  closing  Ky  The  explana- 
tion of  the  method  is  quite  complicated,  but  leads  to  the  simple 
result, 

J       C  R,R,  M^,       . 
■L'  =  — ^ — TT. —  henries. 
R^^  10" 

C  is  in  microfarads,  R^,  R^,  R,,  and  M  in  ohms,  and  the  result  for  L 
in  henries. 

Example.  The  resistance  R^  was  kept  constant  at  1,000  ohms, 
part  of  which  M,  when  a  balance  was  reached,  was  516  ohms.  R^ 
=  1,000  ohms,  iJg  =  1,260  ohms,  and  C  =  1  m.  f.,  makes  up  the 
balance  of  the  data.     What  was  L? 

Ans.  L  =  0.3355  henry. 

MEASUREMENT  OF  MUTUAL  INDUCTANCE 

If  two  electric  circuits  are  in  the  neighborhood  of  one  another, 
the  increase  or  decrease  of  the  current  of  one  will  produce  a  change 
in  the  magnetic  field  which  will  act  to  produce  an  e.  m.  f.,  and  conse- 
quently a  current  in  the  second  circuit  if  it  is  closed.  If  the  current 
in  one  circuit  varies  at  the  rate  of  one  ampere  increase  or  decrease  per 
second  and  an  e.  m.  f.  of  one  volt  is  produced  in  the  second  circuit, 
we  say  the  mutual  inductance  is  one  henry.  If  the  mutual  inductance 
is  constant,  the  e.  m.  f.  produced  in  the  second  circuit  is  proportional 
'to  the  rate  of  change  of  current  in  the  first;  also  larger  inductances 
produce  proportionately  larger  e.  m.  f.'s  in  the  second  circuit  with 
equal  rates  of  change  of  current  in  the  first.  Algebraically  expressed, 
if  /j  and  I^  represent  any  two  values  of  the  current,  supposed  to  be 
increasing  at  a  uniform  rate,  and  t  is  the  interval  of  time  between  these 
values  of  the  current,  and  if  E  is  the  e.  m.  f.  produced  in  the  second 
coil  whose  mutual  inductance  with  respect  to  the  first  is  M,  then 

M  ^'  ~  ^'  =  E 

t 

The  inductance  between  the  coils  is  called  miUual  because  a 
certain  increase  of  current  in  either  will  produce  the  same  e.  m.  f. 
in  the  other  regardless  of  which  circuit  has  the  original  current.     The 
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relation  is  therefore  mutunl.  If  the  cireiiit  has  an  iron  eore  the  mutual 
inductance  is  not  strictly  constant,  hut  with  incn^asing  current  in- 
creases to  a  maximum  and  then  falls  a^ain.  As  it  is  very  difficult, 
if  not  ini|K)ssihle,  to  control  the  precise  rate  of  change  of  the  current 
so  that  it  will  increase  at  a  uniform  rate,  either  of  two  mcthmls  may  be 
used  to  obtain  the  value  of  M  without  keeping  the  rate  of  change  of 
/  constant. 

Ballistic  Galvanometer  Method.  In  this  method  the  second 
circuit,  called  the  secondary  circuit,  is  of  known  resistance  T?,,  and 
includes  a  ballistic  galvanometer  G  and  sufficient  extra  non-inductive 
H'sistance  T,  to  control 
the  deflection  within 
reasonable  bounds.  The 
other  circuit,  called  the 
primary  circuit,  includes 
a  key  A',  an  adjustable 
resistance  r,,  a  battery  B, 
and  an  ammeter^.  The 
arrangement  is  shown  in  Fig.  57.  The  primary  coil  is  P  and  the 
secondary  S. 

On  closing  the  key  A'  the  current  in  P  begins  to  increase  and  the 
gidvanometer  G  begins  to  deflect.  If  we  make  no  allowance  for  the 
false  resistance  due  to  the  self-inductance  of  the  secondary  circuit,  the 
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FiK.  57. 


Diafn-am  of  Ballistic  Method  of  Mutual 
Luluctance  Mcasureiueut. 


current  /,  in  the  secondary  is  /,  =  -— - 


As  the  current  /.  in  the 


primary  requires  a  considerable  part  of  a  second  nearly  to  reach  its 
maximum  or  steady  value,  it  is  evident  that  the  secondary  current  /, 
will  rc<juire  at  letist  an  e<|ual  time  to  rise  from  zero  to  its  maximum 
and  to  fall  nearly  to  zero  again.  Theoretically  it  takes  an  inflnite 
time  for  this  to  hap|)en,  but  if  the  total  resistance  i?,  in  the  primary  and 
/?,  in  the  secondary  are  reasonably  large  in  comparison  with  their  self- 
inductance,  the  time  practically  nec*essary  is  a  second  or  so.  The 
current  /,  in  the  secondary  will,  therefore,  during  the  times  that  it 
flows,  cause  a  certain  quantity  Q  of  electricity  to  pass  through  the 
galvanometer.  If  the  ballistic  galvanometer  has  a  long  |)eri(xl  of 
swing — a  condition  rnjuirctl  of  liiillistic  galvanometers — practically 
the  whole  of  the  (|uantity(^  will  |)ass  before  the  galvanometer  gets  far 


81 


72  ELECTRICAL  MEASUREMENTS 

from  its  zero  position.  As  the  e.  m.  f.  of  the  secondary  is  proportional 
to  the  rate  of  increase  of  the  primary  current  /,,  it  is  evident  that  the 
total  quantity  flowing  in  the  secondary  will  depend  on  the  total  rise  of 
current  in  the  primary  in  precisely  the  same  way  as  the  current  at  any 
instant  in  »the  secondary  depends  on  the  rate  of  increase  of  the  current 
in  the  primary.  As  before  mentioned,  we  have  ignored  the  false 
resistance  due  to  the  self-inductance  of  the  secondary.  We  have 
learned,  however,  in  the  chapter  on  self-inductance,  that  during  the 
rise  of  a  current  the  self-inductance  increases  the  apparent  resistance, 
but  during  its  fall  the  opposite  effect  is  produced.  Therefore,  during 
the  rise  and  fall  of  the  current  in  the  3<3Condary,  no  appreciable  error 
is  caused  by  ignoring  the  self-inductance  of  the  secondary.  The 
final  result  is  M  I^  =Q  R^  or 

To  get  the  value  of  Q  we  must  know  the  relation  between  the 
throw  d^  of  the  ballistic  galvanometer  to  the  cjuantity  of  electricity 
producing  the  throw.  This  may  be  found  by  charging  a  standard 
condenser  of  known  capacity  C  by  a  standard  cell  of  known  e.  m.  f .  E,, 
and  noting  the  deflection  d  on  discharging  the  condenser  through  the 
ballistic  galvanometer.  As  the  charge  of  the  condenser  is  E,  C,  we 
obtain  the  result 

Q:d,::E,C:d, 

or  d.E.C 


d 

Substituting  in  the  earlier  equation  the  value  of  Q  and  expressing  the 
capacity  of  the  condenser  in  microfarads, 

Example.  The  current  /j  in  the  primary  coil  rises  on  closing 
the  circuit  to  1  ampere.  The  total  resistance  in  the  secondary  circuit 
is  10,000  ohms.  The  deflection  produced  is  2L3  cm.  With  a  Weston 
normal  cell  of  L0184  volts  and  a  condenser  of  0.2  microfarads,  a 
deflection  of  23.0  cm.  was  produced  on  discharging  the  condenser 
through   the  galvanometer.     What  is   the   mutual   inductance   Mt 

km.  M  =  0.001880  henry. 

Alternating^urrent  Method.  The  previous  method  may  be 
varied  by  putting  in  the  secondary  an  alternating-current  voltmeter 
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of  high  resistance,  and  in  the  primary  an  A.  C.  ammeter,  an  e.  m.  f. 
source  of  sine  form,  and  whatever  resistance  is  neede<l  to  control  tlie 
current.  From  the  theory  of  alternating  currents,  the  e.  m.  f.  pro- 
duced in  the  secondary  is 

£,  =  2  ;:  H  M  /„ 
or 

M Sl_, 

2  ;r  n  // 

when  n  is  the  frequency  in  cycles  per  second,  3/  the  mutual  inductance, 
and  /,  the  primary  current.  This  relation  assumes  that  the  current 
in  the  secondary  is  too  small  to  affect  the  flux  of  magnetic  lines  crossing 
over  from  primary  to  secondary.  If  the  resistance  of  the  secondary 
coil  is  small  in  comparison  with  that  of  the  voltmeter,  the  volt- 
meter reading  E,,  is  taken  as  E,.  If  the  coil  is  of  too  high  resistance 
to  make  the  last  a^umption  allowable,  the  reading  must  be  multiplied 

by  — ' ,  when  /?,  is  the  total  resistance  of  the  secondary  and  R„  the 

resistance  of  the  voltmeter.     We  then  get 

^3  =-a~  E„  =  2  7:nM  I,, 
or 

2  Trn  i?..  /, 

If  the  secondary  current  /j  is  too  large  for  its  magnetic  effect  to 
be  ignorwl,  or  if  the  current  in  the  primary  does  not  follow  a  simple 
sine  law,  the  problem  becomes  too  complex  for  easy  solution. 

Example.  The  current  /,  in  the  primary  is  1.1  amperes,  the  fre- 
quency n  is  GO  cycles  per  second,  the  resistance  of  the- secondary  coil 
is  negligible.  The  reading  of  the  voltmeter  E,.  is  110  volts,  ^^^lat 
is  the  mutual  inductance  3/?  Ans.  M  =»  0.2653. 

Carey-Foster  Method.  Let  a  battery  of  constant  e.m.f.  l)e 
connected  in  series  with  one  of  tlie  two  coils  P  whose  mutual  inductance 
is  to  l)e  determined,  a  known  resistance  /?,,  and  a  key  A*,  Fig.  5S.  Ix>t 
the  Imllistic  galvanometer  G  and  another  resistance  /?,  be  eonntctetl 
in  series  with  the  other  coil  .S.  Then  if  /  1m'  the  stea<ly  current  pro- 
dueifl  by  the  battery  li  through  /*,  and  M  Ik*  tlie  m.itual  inductance, 
and  r  be  the  resistance  of  the  circuit  thror^  .?   i?,,  and  the  galva- 


74 


ELECTRICAL  MEASUREMENTS 


nomcter,  then  the  quantity  of  electricity  Q,  passing  through  the  galva- 
nometer on  closing  or  opening  the  circuit  will  be 

r 
Next,  if  the  galvanometer  be  removed  from  this  circuit  and  put 
in  series  with  a  condenser  whose  capacity  is  C,  which  is  connected 
as  a  shunt  to  the  resistance  R^,  on  opening  or  closing  the  battery  cir- 
cuit the  quantity  of  electricity 

Q,  =  IR,C 

By  combining  these  two  equations  it  is  possible  to  find  the  relative 
values  of  C  and  M.     In  practice  it  is  much  more  desirable  to  combine 


/?/ 


_crr 


Flg.  58.    Diagram  of  Carey-Foster  Method  of  Measuring  Mutual  Inductance. 

these  two  circuits,  as  shown  above,  so  that  the  charge  and  discharge  of 
the  condenser  and  the  currents  produced  at  the  same  time  in  S  by 
mutual  induction  are  in  the  same  direction  through  C,  R.^,  and  S. 
Then  if  the  resistance  7?i  and  R^  and  the  capacity  C  arc  adjusted  until 
no  deflection  of  the  galvanometer  is  produced,  the  following  may  be 
written : 

Q,r  =  MI,  butQi  =  IRfi;  hence  M  =  CR,r 

Attention  is  called  to  the  fact  that  in  order  that  the  galvanometer 
current  may  be  0  at  every  instant  during  the  establishment  of  the 
steady  current,  it  is  essential  that  the  coefficient  of  self  induction  of  the 
coil  iS  should  be  equal  to  the  coefficient  of  mutual  induction.  Under 
this  condition  it  is  possible  to  replace  the  galvanometer  by  a  telephone. 

Example.  Small  Induction  Coil,  no  iron  core.  Resistance  of 
secondary,   104  ohms.     Capacity  of  condenser,  4.9.26  microfarads 
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The  secontlury  coil  could  slide  endways  remaining  coaxial  with  the 
primary.  The  following  are  the  results  with  the  centers  of  the  two 
coils  as  nearly  coincident  as  possible : 


ft,r 

K,r 

«. 

t 

(C.a.S.  Units) 

«i 

r 

(C.  O.  a  Umitb) 

15 

IM  +  217 

6166  X  IQM 

10 

104  +  423 

6170  X  10» 

14 

-»-  247 

6174 

9 

+  490 

6156 

13 

+  282 

6188 

8 

+  576 

61G0 

12 

4  322 

6192 

7 

+  68S 

6174 

11 

+  367 

G171 

6 

+  835 

6174 

Mean  value  of  :^=  6172.4  X  10" 


Hence 


M  =  4.926  X  10' •  X  6172  X  10'«  =  3.04  X  10^  or  .0304  henrys. 

MAGNETIC  MEASUREMENTS 

Certain  materials,  notably  iron  (or  steel),  nickel,  and  cobalt,  have 
a  pn)jK'rty  known  as  vuujnctism.  These  materials  when  magnctize«l 
have  the  property  of  attracting  soft  iron.  The  modern  view  of  mag- 
netism is  that  it  is  a  property  of  the  individual  molecules  of  a  botly. 
A  Ixxly  which  seems  to  be  unmagnetized  probably  has  its  molecules 
arranged  in  more  or  less  irregularly  formed  closed  chains.  Fig.  59, 
which  produce  no  outside  effect.  To  magnetize  a  body,  it  is,  accord- 
ing to  this  theory,  necessary  to  break  the  chains  and  to  rearrange  the 
connections  of  the  molecules  so  that  the  ends  of  the  chains  of  mole- 
cules come  out  at  points  on  the  surface  where  so-called  magnetic 
charges  appear,  Fig.  (K). 
The  centers  of  action  of 
these  chain  ends  are 
calletl  ]polcs.  In  the  sim- 
plest magnets  there  are 
two  |)oles,  and  if  the 
magnet  is  free  to  turn  in  a  horizontal  plane,  one  of  the  poles  is 
turnetl  toward  the  north  and  the  other  toward  the  south  appro.xi- 
mately.  In  general,  the  magnetic  meridian,  determine<l  by  the  line 
joining  the  {mjIcs  when  at  e<]uilibriuin  in  the  horizontal  plane,  does 
not  agree  exactly  with  the  geographical  meridian.     The  line  of  no 


Fig.  59. 


Supposed  Molecular  Condition  of  a  Piece  of 
Uuniaguctizod  Steel. 
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variation  at  present  is  located  near  the  eastern  shore  of  Lake  Mich- 
igan and  is  moving  westward.  A  century  ago  it  was  near  the  eastern 
end  of  Lake  Erie.  For  points  to  the  east  of  the  Une  of  no  variation, 
the  magnetic  compass  points  west  of  north;  and  for  points  west  of 
this  Hne  of  no  variation,  it  points  east  of  north.  The  north  seeking 
pole  of  a  magnet  is  commonly  called  the  north  pole  and  the  other  the 
south  pole  of  the  magnet.  If  the  magnet  is  free  to  turn  in  all  direc- 
tions, the  north  pole  will  dip  downward  and  the  south  pole  rise  up- 
ward for  points  in  the  northern  hemisphere  and  vice  versa  for  points 
in  the  southern  hemisphere.  The  dip  in  Chicago  is  in  the  neighbor- 
hood of  70°. 


/' 


y   \  - 
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Fig.  60.    Supposed  Molecular  Condition  of  a  Magnetized  Piece  of  Steel. 

From  the  above  it  appears  that  the  earth  has  a  magnetic  field, 
meaning  by  magnetic  field  an  extent  of  space  where  magnetic  forces 
are  to  be  found.  If  a  magnet  with  poles  1  cm.  apart  and  of  unit 
strength  is  in  a  unit  magnetic  field,  it  will  act  on  each  pole  with  a 
force  of  one  dyne;  and  if  the  poles  are  turned  so  that  the  directions 
of  the  forces  are  at  right  angles  to  the  line  connecting  the  poles,  a  unit 
turning  moment,  or  torque,  is  exerted  on  the  magnet.  In  the  first 
chapter  of  this  book,  unit  magnetic  pole  was  defined  as  a  pole  which, 
at  a  distance  of  one  centimeter  in  air  from  a  like  pole,  produces  a 
repulsion  of  one  dyne  of  force.  It  appears  then  that  a  magnetic  field 
has  both  direction  and  magnitude,  and  is  what  is  called  a  vector 
quantity.  To  define  a  vector  quantity  both  magnitude  and  direction 
must  be  known. 
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Methods  of  Magnetizing.  Besides  natural  magnets,  composed  of 
the  magnetic  oxide  of  iron  and  known  as  loadstones,  artificial  mag- 
nets may  be  made  by  subjecting  hard  steel  to  a  magnetic  field. 
The  magnetic  field  usetl  may  be  due  to  a  loadstone,  or  an 
artificial  magnet  previously  made,  or  a  magnetic  field  due  to  an 
electric  current  in  a  coil  of  wire.  Before  1819,  when  Oersted  dis- 
covered the  magnetic  field  prmluced  by  a  current,  the  source  of  all 
artificial  magnets  was  directly  or  inrlirec-tly  the  loadstone.  Per- 
manent magnets  nowadays  are  practically  all  magnetized  by  means 
of  electric  currents. 

Lines  of  Force  and  Permeability.  To  Michael  Faraday  we  owe 
the  notion  of  lines  of  force  to  express  the  vector  quantity  defining  the 
magnetization.  The  direction  of  the  lines  is  used  to  indicate  the 
tlirection  of  magnetization,  and  the  number  of  lines  per  square  centi- 
meter indicates  the  magnitude  of  the  magnetization.  The  numbers 
of  lines  per  square  centimeter  is  commonly  called  the  fiux  density  or 
fltix  of  force  per  square  centimeter.  The  unit  value  occurs  when  there 
is  one  line  per  square  centimeter,  and  is  called  the  gauss.  The  sym- 
lx>l  B  is  used  to  express  this  quantity  algebraically.  As  different 
materials  when  put  in  equal  fields  take  different  degrees  of  magneti- 
zation, the  relation  of  iield  strength  to  flux,  known  as  the  permeability, 
must  be  known.  If  H  indicates  the  field  strength,  B  the  flux  per  sq. 
cm.,  and  ai  the  permeability,  we  have  the  relation 

B  =  /iH 

When  the  section  considered  has  an  area  A  sq.  cms.  and  the  average 
flux  intensity  is  B,  the  total  flux  designated  by  <1>  is  algebraically 
expressed  as 

4>  =  B^l  =  /iH^ 

The  unit  in  which  4*  is  measured  is  the  Maxwell  and  is  ecjual  to 
one  line  of  f«)rce. 

If  the  lines  of  force  pass  from  one  material  into  anotJier  of  dif- 
ferent {KTineability  n,  the  lines  representing  B  and  4>  will  usually 
sudih'uly  change  direction  at  the  surface  of  separation  U-tween  the 
materials,  {••innnonly  calle<l  media,  except  in  the  case  that  the  lines  are 
normal  to  the  surface.      If  the  permeabilities  of  two  media  are  /*,  and 
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/Lij,  and  the  angles  between  the  normal  and  the  lines  in  the  two  media 
are  a,  and  o^,  we  have  the  relation 

tan  Oj  _  ^l^ 
tan  flj        /Aj 

Lines  of  force  follow  by  preference  paths  of  high  per- 
meability, though,  other  things  being  equal,  they  tend  to 
follow  the  shorter  paths.  Consequently  it  rarely  happens  that  the 
lines  are  straight,  as  they  converge  toward  spaces  filled  with  bodies 
of  high  permeability  and  there  diverge  again  in  spaces  of  low  per- 
meability. In  general  the  total  flux  <!>  distributes  itself  so  that, 
length  of  path  and  permeability  considered,  it  takes  the  easiest  course. 
A  line  of  force  never  ends,  but  always  returns  on  itself.  Many  writers 
carelessly  confuse  and  use  the  same  unit  (the  gauss)  for  measuring 
B  and  H,  for  both  are  vector  quantities  and  may  be  represented  by 
lines.  To  avoid  confusion  we  shall  not  represent  H  by  lines.  For 
highly  magnetic  materials,  B  is  much  greater  than  H.  In  the  case  of 
iron  the  ratio  may  be  as  high  as  /*  =  3,000  for  moderate  values  of  B. 
The  value  of  /iis  not  constant  for  the  same  material  for  different  values 
of  B.  In  the  case  of  soft  iron  the  permeability  for  low  values  of  B  may 
be  about  /*  =  120,  rising  to  /^  =  2,000,  or  in  good  samples  fi  =  3,000, 
when  B  reaches  a  value  between  B  =  5,000  to  B  =  8,500.  For 
nickel  and  cobalt  the  highest  value  of  the  permeability  is  about  fi  = 
200.  As  a  standard  of  comparison  the  permeability  of  air  is  taken 
as  /A  =  1  and  is  believed  to  remain  sensibly  constant  for  all  values 
of  B.  It  follows  that  in  air  H  =  B  (numerically).  Materials  more 
magnetic  than  air,  for  which  /x  >  1,  are  called  paramagnetic.  Ma- 
terials less  magnetic  than  air,  for  which  /^  <  1,  are  called  diamagnetic. 
No  magnetic  material  is  without  permeability,  that  is  /a  =  0;  in 
fact,  even  the  most  diamagnetic  material,  bismuth,  is  within  a  fraction 
of  one  per  cent  as  permeable  as  air.  Magnetic  insulation  is  therefore 
impossible  and  to  avoid  magnetic  leakage  of  lines  of  force  from  a  pre- 
arranged path,  it  is  necessary  to  distribute  the  magnetomotive  force 
over  the  whole  path. 

Magnetomotive  Force.  By  analogy  with  electric  circuits,  where 
the  potential  difference  over  each  unit  length  of  the  circuit  is  found  by 
multiplying  the  current  by  the  resistance  of  that  unit  length,  or  dividing 
the  current  by  the  conductivity  (the  reciprocal  of  resistance)  for  the 
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unit  li'ii^th,  \Kv  s*"*'  flmt  in  a  jwirl  of  a  nia^nrfir  <*ircnit,  «>n«'  ivntimHer 
loni;  und  one  .s<|uan'  centinK'tiT  in  station,  a*  is  unulo^ous  to  tlit*  cun- 
(iuctivity  {)cr  cm.  rul)C  of  an  electric  circuit.  B  is  unulo^oiui  to  the 
current  {x^r  s(|.  cm.  of  section  of  the  con<hic*tor  ami  H  is  anulo|;ou.s  to 
the  p)tential  <lifTerence  j>er  centimeter  Nmi^Ii.  H  is  calhtl  the  mag- 
netomotive force  {HT  unit  U*n^th,  an<I  the  total  mn|;netomotivc  force 
is  the  average  value  of  H  multipli(Hl  hy  the  length  of  the  circuit  /. 
It  follows  that  the  magnetomotive  force  (m.  ra.  f.)  is 

m.  m.  f.  =  H  / 

If  the  ma<;netic  Held  is  pro<lucc<l  by  a  current  in  a  wire,  the  intensity 
of  the  fielti  is  greatest  at  the  surface  of  the  wire  and  falls  in  value  to 
zero  at  the  middle  of  the  wire,  and  outside  the  wire  falls  in  value  ac- 
cording to  the  law  of  the  reciprocal  of  the  distance  from  the  center. 
If,  however,  the  wire  is  coiled  into  a  long,  straight  coil  of  uniform 
section,  callcil  a  solenoid,  the  magnetic  field  for  the  portion  far  from 
the  ends  is  practically  zero  outside  the  solenoid  an/l  of  uniform  value 
inside  the  solenoid.  If  there  are  n  turns  of  wire  per  centimeter  and  a 
current  of  /  amperes,  the  inside  magnetic  field  is 

H  =  0.4  Trn  /  =  1.2566  n  I 

If  the  whole  number  of  turns  of  wire  is  N,  the  magnetomotive  force 

is 

m.  m.  f.  =  1.2566  N  I 

The  unit  of  m.  m.  f.  is  the  gilbert,  or  that  value  of  magnetic  force  which 
will  establish  one  line  or  one  maxwell  per  centimeter  cube  of  air. 
Many  practical  authorities  prefer  to  express  the  m.  m.  f.  in  ampere 
turns  N  I  omitting  the  factor  1.2566.  This  k^ads  to  some  confusion  if 
the  fact  is  not  made  clear  by  stating  that  the  m.  m.  f.  is  in  amjx're 
turns.  If  a  long  solenoid  is  l)ent  into  the  form  of  a  ring,  it  is  called 
a  ring  solenoid.  If  the  width  of  the  ring  is  small  in  comjnirison  with 
its  diameter,  it  is  assumed  that  the  average  value  of  H  is  equal  to  its 
value  along  the  central  line  of  the  ring. 

Reluctance.     If  a  circuit  is  /  centimeters  long  and  averages  A 
sq.  cm.  in  section,  the  reluctance  R  of  the  whole  circuit  is 

R  ' 

A  fi 

The  unit  in  which  reluctance  is  measured  is  the  oersted. 
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By  analogy  with  Ohm's  law  the  magnetic  flux  4>  is 

m.  m.   f.          m.  m.  i.  A  fi 
<j>  = =  — 1. 

reluctance  / 

Hysteresis.     When  iron  or  steel  has  been  magnetized  and  the 


=  B  A  =  fiHA 


Booo 


magnetizing  force  removed,  a  portion  of  the  magnetization  will  still 
remain  as  more  or  less  permanent  magnetization.  If  next  the  mag- 
netizing force  is  applied  in  the  reverse  direction,  the  magnetization  will 
not  be  reversed  until  the  m.  m.  f.  has  reached  a  certain  value,  i.  e., 
until  H  reaches  a  certain  value.  The  residual  value  of  B  when  the 
field  is  reduced  to  zero  is  called  the  remanence  or  retentiveness  by  some 
writers.  The  reverse  field,  m.  m.  f.,  necessary  to  reduce  B  to  zero 
is  called  by  the  barbarous  term  (as  Professor  Mascart  puts  it)  of 
coercive  force.  Further  increase  of  the  reverse  m«  m.  f.  will  cause 
a  rapid  rise  of  B.     With  repeated  cycles  of  change  between  positive 

and  negative  m.  m.  f.'s  the 
values  of  H  and  Bgo  through 
cycles.  The  tendency  of  B 
to  lag  behind  H  is  called 
magnetic  lag  or  magnetic 
hysteresis,  hysteresis  being 
the  Greek  word  for  lagging 
behind.  A  certain  amount 
of  energy  is  expended  in  the 
cycle  and  appears  in  the 
form  of  heat  generated  in 
the  iron.  This  loss  of  energy 
per  cycle  is  repeated  n  times 
per  second,  and  the  power 
used  is  known  as  the  hys- 
teresis loss,  and  is  measuretl 
in  watts  per  cubic  centi- 
meter. Sometimes  the 
energy  lost  per  cycle  is  meas- 
ured in  joules.  One  joule 
equals  10,000,000  ergs.  The 
relation  of  H  and  B  during 
the  hysteresis  cycle  may  be  expressed  in  the  form  of  a  curve  plotted  in 
terms  of  H  (horizontally)  and  B  (vertically).    The  curve  shown  in  Fig. 
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Fig.  01.    Hysteresis  Diagram. 
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61  is  known  as  a  hysteresis  ntrve.    If  H  and  B  are  plotted  to  scale,  the 

area  of  the  curve  divided  bv  4(),000,(XK)  tt,  or  12o,G()0,()00,  gives  the 
energy  lost  per  cycle  in  joules.  For  measurements  of  hysteretic  losses 
the  sjimple  may  Ik*  made  into  the  form  of  a  ring  with  small  difference 
between  its  largest  and  smallest  radius.  The  ring  may  then  Ix*  wound 
with  a  coil  of  wire  in  the  form  of  a  ring  solenoid  and  the  current  and 
turns  in  the  coil  will  de- 
termine the  m.  m.  f.  and 
consequently  H  in  the 
core. 

Magnetic 
Dip  Needle. 
and     slender 
needle,  Fig. 
jKjinted  ends  is  mounted 
on  an  axis  passing  pre- 
cisely through  its  center  of 
gravity,  at  the  middle  of 
an  accurately  graduated 
circle  standing  vertically 
in  the  magnetic  meridian, 
the    north    pole    of    the 
needle  will  point  down- 
ward from  the  horizontal 
by  an  angle  equal  to  the 
magnetic  dip.    Tlie  angle 
of  dip  may  tlien  be  read 
directly  from  the  circle. 
As,  however,  it  is  difficult 
to  magnetize  the  needle 

with  exact  uniformity,  the  bearing  should  be  made  reversible  so 
that  the  needle  may  be  turned  over.  Any  irregularity  of  magneti- 
zation may  Ijc  eliminatetl  by  taking  the  mean  of  the  two  rejulings  of 
the  magnet  in  the  two  positions.  In  case  the  bearing  fails  to  pass 
exactly  through  the  center  of  gravity,  the  error  may  be  compensatetl 
by  reversing  the  magnetization  of  the  needle,  care  being  taken  to  use 
the  same  magnetic  field  as  before,  and  then  repeat  the  observations 
of  the  dip  with  the  magnet  in  both  positions.     The  mean  of  the  four 


FiR.  6i>.    Magnetic  Dip  Needle. 
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readings  will  give  the  value  of  tlie  dip.  If  the  divided  circle  is  not  in 
the  magnetic  meridian,  an  error  will  be  caused  which  is  slight  for 
slight  deviations  from  the  meridian.  A  compass  needle  mounted 
over  the  divided  circle  will  locate  the  magnetic  meridian  well  enough 
for  practical  purposes. 

Earth  Inductor  Method.  Another  method  is  by  use  of  the  earth 
inductor  which  is  a  coil  of  wire  mounted  in  a  frame  and  which  may 
he  turned  about  an  axis  in  the  plane  of  the  coil.  No  iron  or  other 
magnetic  material  should  be  used  in  the  apparatus.     The  frame  is 

carried  on  a  support 
by  which  the  axis  of 
rotation  may  be  made 
vertical  or  horizontal. 
The  apparatus  is 
shown  in  Fig.  G3.  All 
heavy  parts  are  made 
of  brass  which  is  prac- 
tically non-magnetic. 
If  the  coil  is  turned 
about  a  vertical  axis, 
as  shown  in  the  figure, 
from  an  east  and  west 
plane  through  180°  to 
the  reverse  position  in 
the  same  plane,  the 
^  number  of  lines  =  B 
A  cos  S  of  the  earth's 
magnetic  field  passing 
through  the  coil,  will  be  cut  by  the  coil,  and  if  a  ballistic  galvanometer 
is  in  the  circuit,  its  deflection  d^  will  be  proportional  to  the  flux  cut.  If 
now  the  axis  of  rotation  be  made  horizontal  and  the  coil  horizontal,  a 
reversal  in  position  will  cut  the  number  of  lines  =  B  yl  sin  5  of  the 
earth's  magnetic  field  passing  through  the  coil.  The  resulting  de- 
flection rfj  of  the  ballistic  galvanometer  is  proportional  to  the  flux  cut. 
We  then  have  the  relation 

tan  5=^ 
If  the  deflections  are  small  they  may  be  increased  by  reversing 


Fig.  63.    Earth  Inductor. 
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the  position  of  the  coil  on  the  return  swing  of  the  galvanometer,  and 
continuing  until  the  amplitude  of  swing  becomes  constant.  The 
deflection:*  in  two  positions  of  the  axis  of  the  coil  are  proportional  to 
the  horizontal  and  the  vertical  components  respectively  of  the  mag- 
netic fiehl,  and  the  ratio  of  the  second  to  the  first  gives  the  tangent  of 
the  dip  of  the  eartii's  field. 

The  angle  of  dip 
varies  from  +  90°  at 
the  earth's  north  mag- 
netic pole  to  '-  00°  at 
the  south  magnetic 
pole.  It  is  zero  at  the 
magnetic  equator. 

The  Earth's  Mag- 
netic Field.  If  in  the 
previous  method,  the 
data  of  the  earth  in- 
ductor and  of  the  bal- 
listic galvanometer  are 
known,  the  value  of  B 
may  be  determine<l. 
As  the  experiment  is 
performed  with  air  as 
the  medium,  the  value 
of  /A  is  1,  and  H  is 
numerically  equal  to 
B.  The  horizontal 
component  of  the 
earth's  magnetic  field 
is  frequently  spoken  of 

&s  H,  meaning  thereby  the  horlzimtal  ('om(K)nent.  In  the  same  way 
V  is  the  vertical  component.  The  tangent  of  the  angle  of  dip  is  the  ratio 

\_ 
H 

Magnetometer  Method.  The  horizontal  component  may  be 
measured  by  means  of  two  magnets,  one  of  which  b  of  light  weight 
and  the  other  relatively  large  and  heavy,  both  carrying  mirrors.  The 
little  magnet  and  mirror  may  be  .suspende<l  at  the  center  of  an  instru- 


Fig.  64.    MagnetonwCcr. 
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ment  called  a  magnetometer,  Fig.  64.  The  second  magnet,  of  con- 
siderable size,  is  mounted  on  a  support  at  its  center  at  a  fixed  distance 
to  the  east  of  the  little  magnet  and  in  an  east  and  west  position  (point 
g  of  the  figure).  The  small  magnet  takes  up  a  position  parallel  to 
the  resultant  of  the  horizontal  component  of  the  earth's  field  and  that 
of  the  large  magnet.  By  means  of  a  telescope  and  scale  at  a  known 
distance,  the  angle  of  the  deflection  is  measured.  The  other  pole  of 
the  large  magnet  is  now  turned  toward  the  small  magnet  by  turning 
thelarge  magnet  end  for  end.  The  deflection  measured  by  the  tele- 
scope and  scale  should  be  as  before,  only  in  the  opposite  direction. 
The  large  magnet  is  now  transferred  to  a  support  b  at  an  equal  dis- 
tance to  the  west  of  the  small  magnet,  and  the  observations  repeated, 
obtaining  two  more  deflections.  All  four  deflections  should  be  equal. 
If  they  differ  slightly  the  mean  is  taken;  if  they  differ  much,  some- 
thing is  wrong  with  the  arrangement  and  the  apparatus  should  be 
examined  and  the  trouble  corrected.  The  observations  are  now 
repeated  at  a  larger  distance  (points  a  and  h),  and  four  more  observa- 
tions taken.  From  the  data,  assuming  that  the  magnetic  field  falls 
off  according  to  the  inverse  square  of  the  distance  from  the  poles  of 
the  magnet,  a  pair  of  equations  may  be  formed  from  which  the 
strength  of  the  magnet's  poles  in  terms  of  the  horizontal  component 
of  the  earth's  field  and  their  distance  apart  may  be  calculated.  This 
distance  apart  of  the  poles  will  be  found  to  be  somewhat  less  than  the 
length  of  the  large  magnet.  The  product  of  the  pole  strength  and 
length  between  poles  is  called  the  magnetic  mmnent  of  the  magnet, 
represented  by  M.  If  r^  =  the  larger  distance,  r^  the  smaller  distance, 
and  ^^  and  4>2  the  deflections,  we  get 

H  r\  tan^;  -  r\  tan  4)^ 

2'  rl  -  r\ 

The  large  magnet  is  now  hung  up  by  a  fine  wire  and  set  to  vibrating. 
The  period  of  vibration  T,  is  determined  by  measuring  with  a  stop 
watch  the  time  of  a  considerable  number  of  vibrations  and  finding  the 
time  of  a  single  swing.  If  K^  is  the  moment  of  inertia  and  6  the  cor- 
rection for  the  rigidity  of  the  wire,  we  have 


M  MHri 


MH(1  +  <?) 
As  there  may  be  some  diflSculty  in  computing  the  moment  of  inertia 
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K^,  it  is  usual  to  add  a  brass  ring  of  rectangular  section  and  easily 
computed  moment  of  iuertiii  A'j.  This  rin^  must  l>e  placed  on  top  of 
the  magnet  so  that  its  center  lies  on  the  pn)longation  of  the  suspending 
wire.  The  moments  of  inertia  are  then  addinl  to  get  the  total  mo- 
ment. There  are  reference  marks  on  op[K)site  ends  of  a  diameter 
of  the  ring  and  corresponding  marks  on  {M)rtions  of  a  circle  of  the  same 
radius  of  the  ring  markeil  on  the  top  surface  of  the  magnet  to  easure 
precise  centering.  With  the  ring  in  position,  the  new  time  T,  of  vibra- 
tion is  determine*]. 


\mh(i  +  <? 


0  is  determined  by  turning  the  torsion  head,  from  which  the  magnet 
is  hung  by  the  wire,  through  a  considerable  angle  and  determining  by 
the  telescope  and  scale  the  angle  through  which  the  magnet  follows. 
This  enables  one  to  compute  how  much  effect  the  rigidity  of  the  wire 
has  on  the  restoring  force  which  is  due  principally  to  the  earth's  field. 
If  on  turning  the  torsion  head  an  angle  oc,  the  magnet  follows  an 

o 

angle  /9,    there  is  obtained,   6  = Combining  the  earlier 

oc—  P 

equations  gives 


M  H  = 


Tr' A', 


(1^0){T,'-T,n 


Substituting  the  value  of  M  previously  obtained  we  get  on  solving 
for  H 

H=^j~  2/C,(r,'-r.») 

>/  (1  +  0)(T,^  -  r,')  (r,*tan4>,  -  rj»tan<t>,) 

The  value  of  H  in  the  southern  part  of  Michigan  is  about  0.18 
and  the  vertical  component  is  about  three  times  as  strong  or  about 
0.54.  As  the  presence  of  masses  of  iron  in  the  neighborhood  has  a 
considerable  effect  on  the  dip  of  the  magnetic  field  and  also  on  the 
value  of  the  field,  a  measurement  made  in  any  place  with  iron  masses 
near  by,  cannot  be  assumed  as  valid  for  even  other  parts  of  the  same 
building.  I^lxjratories  for  the  study  of  the  earth's  magnetic  field 
should  have  all  iron  excluded  from  the  building  materials  and  from 
the  apparatus  except  the  magnets. 
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If  the  angle  of  dip  ^  has  been  found  by  one  of  the  previous 
methods,  the  total  value  of  the  earth's  magnetic  field  F  is 

cos  8 

The  bars  N  and  L  shown  in  Fig.  51  are  not  used  in  this  experiment. 

Magnetic  Flux  and  Permeability.  There  are  a  number  of  ex- 
cellent methods  of  determining  flux  and  permeability,  of  which  the 
following  will  suffice  for  the  purposes  of  this  work. 

Divided  Bar  Method.  The  divided  bar  method  assumes  that  the 
material  under  test  is  in  the  form  of  two  long  iron  bars  or  rods  with 
the  ends  ground  and  polished  into  accurately  plane  surfaces.  One 
bar,  with  the  polished  end  upward,  is  mounted  in  a  long  solenoid, 
the  polished  end  being  at  the  middle  of  the  solenoid.  The  other  bar 
is  placed  on  top  of  the  first  with  the  polished  ends  resting  one  on  the 
other  and  accurately  centered.  The  upper  piece  is  attached  to  a 
spring  balance  which  is  used  to  measure  the  tension  necessary  to 
separate  the  bars.  If  the  weight  of  the  upper  piece  is  subtracted, 
the  remainder  gives  the  pull.  The  bars  and  the  solenoid  must  be 
long  enough  to  have  the  magnetic  field  H  at  the  surfaces  in  contact 
practically  equal  to  what  it  would  be  in  an  infinitely  long  solenoid,  for 
which  I  is  the  current  in  amperes  and  n  the  number  of  turns  of  wire  per 
centimeter  length,  otherwise  a  correction  must  be  made  for  the  ends. 

H  =  0.4  Trn  /  =  L2566  n  I 
If  the  area  of  the  ends  of  the  bar  is  S  sq.  cm.,  and  the  force  in  grams 
(weight)  F,  the  value  of  gravity  g  (=  980  about),  we  get  for  the  flux 
density  B, 

B  =  J^^  =  156.9  JZ^l 
\        S  \  S  (sq.cm.) 

If  the  pull  F  is  measured  in  pounds  and  the  area  S  in  square  inches, 
we  must  allow  for  the  ratio  of  the  units.     We  then  obtain 


B  =  1316  J?-^r""''l 

>/  b  (sq.  m.) 
In  using  the  method,  the  spring  balance  should  be  supported  in  guides 
and  drawn  upward  gradually  by  means  of  a  turn-buckle  or  analogous 
means.  The  last  reading  before  the  bars  separate  is  the  one  to  be 
taken.  If  the  bars  are  rounded  at  the  corners  an  error  will  be  made 
because  the  value  of  B  will  be  increased  at  the  smaller  section  to  a 
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greater  value  than  back  in  the  rod,  as  the  total  flux  <|>  is  spread  over  a 
smaller  area.  The  pull  will  Ix*  increase*!  iKx-ause  from  the  above 
formula  it  appears  that  the  pull  is  proportional  to  the  product  SB'. 
Therefore  avoid  roundiiip  the  etJ^es.  If  the  surfaces  <lo  not  fit  one 
another,  the  air  where  they  do  not  touch  will  have  a  lower  permea- 
bility and  there  will  be  a  tendency  for  some  of  the  flux  to  escape  at  the 
side,  thus  reilucing  B  and  consec|uently  the  pull. 

To  obtain  the  permeability  fi  divide  B  by  H.  As  mentioned  earlier 
the  permeability  increases  as  B  increases,  reaching  a  maximum  for 
moderate  values  of  B  and  then  falls  off  rapidly  for  further  increase  of  B. 

A  magnetization  curve  (B,  H  curve)  or  a  permeability  cur\'e 
(B,  M  curve)  may  be  plotted  from  values  obtained  for  different  values 
of  B,  H,  and  M-  A  bar  of  iron  which  has  never  previously  been 
magnetized,  will  behave  for  small  values  of  H  differently  from  what 
it  will  again.  For  this  reason  the  values  of  H  used  should  increase 
gradually  from  lower  to  higher  values.  A  bar  once  magnetized 
cannot  be  brought  back  to  its  original  condition  by  any  process  except 
heating  it  to  the  temperature  at  which  it  l)ecomes  practically  unmag- 
netic  and  then  cooling  it  again,  retcmpering  it  if  necessary.  If  it  is 
demagnetized  by  reversing  the  direction  of  the  field  and  retlucing  the 
latter  to  lower  values  gradually  on  each  reversal,  most  of  the  magnet- 
ism may  be  removetl.  This  is  supposed  to  reduce  the  magnetization 
of  the  bar  to  a  set  of  concentric  magnetizations  in  opposite  direc- 
tions in  successive  concentric  layers.  This  is  not  quite  equivalent 
to  the  irregular  chains  of  molecules  in  a  bar  which  has  never  been 
magnetized.  A  bar  which  has  been  tlemagnetized  by  a  simple  re- 
versal of  the  field  to  a  value  apparently  retlucing  B  to  zero,  results  in 
reversing  the  outer  layer  only,  making  the  total  flux  zero  algebraically 
as  the  sum  of  two  equal  and  opposite  fluxes  in  ctiiicentric  layers. 

Divided  Ring  Method.  The  divided  ring  method  has  the  ma- 
terial in  the  form  of  a  ring  which  has  been  cut  in  two  and  the  opposite 
surfaces  polished.  The  surfaces  should  l)e  exactly  in  the  same  plane 
to  in.sure  a  close  fit  when  the  ring  is  put  together  again.  The  pull 
necessary  to  separate  the  ring  is  twice  as  much  as  for  one  surface;  so 
the  total  pull,  after  allowing  for  the  weight  of  the  up|>er  part,  should 
be  <livided  by  two  l)efore  applying  the  prtnious  formula.  The  ring 
is  magnetize*!  by  a  ring  solenoid  surrounding  it.  The  solenoid  is  in 
two  parts  which  separate  with  the  parts  of  the  ring. 
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Ballistic  Method.  If  the  material  to  be  tested  is  in  the  form  of  a 
very  long  rod,  say,  50  diameters  in  length,  or  better  in  the  form  of  a 
ring,  Fig.  65,  with  little  difference  between  the  outer  and  the  inner 
radius,  surrounded  by  a  solenoid  of  n  turns  per  cm.  length  through 
which  the  current  /  amp.  passes,  the  field  is  H  =  L250r)  n  I.     A 

secondary  coil  of  a 
small  number  of 
turns  (of  which  all 
or  a  part  only  may 
be  used)  is  wound 
about'  the  ring  and 
is  connected  to  a 
ballistic  galvanom- 
eter whose  throw  for 
a  known  quantity 
passing  is  known. 
'^^  The    ratio    K   of 

Fig.  65.    Iron  in  Ring  Form  for  Ballistic  Measurement.  nuantitv    to     throW 

may  be  found  by  charging  a  condenser  of  known  capacity  C  micro- 
farads by  a  standard  cell  of  e.  m,  f .  E  volts,  and  discharging  it  through 
a  ballistic  galvanometer,  producing  a  deflection  d.  The  constant  K 
EC 


is  then  K  = 


Or  the  galvanometer  constant  may  be  deter- 


d  X  10« 

mined  by  winding  a  solenoid  of  n^  turns  per  cm.  on  a  core  of  wood 
or  other  material  of  the  same  permeability  as  air,  for  which  /*  equals 
I.  H  then  equals  B,  and  the  flux  passing  through  the  core  whose 
area  is  A^,  the  current  being  Jj,  is 

^,  =  1.2566  71,  A,  I, 
The  total  quantity  of  electricity  Qj  passing  through  a  ballistic  galva- 
nometer in  series  with  a  secondary  circuit  of  m,  turns  and  in  a  circuit 
of  total  resistance  R^,  on  making  or  breaking  the  primary  circuit  /,,  is 

m^  ^,   _  1.2566  n,  m,  A^  I^ 
R,      ~~  R, 


Q^- 


If  the  deflection  is  d^,  the  quantity  per  unit  deflection  is 
Q^  ^  1.2566  71,  m,  A^  I, 
d,  ~  Rd, 


=  A' 


K  is  called  the  constant  of  the  ballistic  galvanometer. 
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If  the  primary  circuit,  the  solenoid,  has  n  turns  per  centimeter 
length,  and  the  secondary  circuit  a  total  number  m  of  turns,  and  the 
area  of  the  stx-tion  of  the  riii^  is  A,  and  the  resistance  of  the  secondary 
circuit  is  R,  anil  the  dcficctioii  is  />  on  rcvrrsing  the  primary  circuit  of 
/  amperes,  we  have  the  flux 

.        R  I)  K 
<j)  =  —   _ 

2  m 
and 

B  =  i  =  ^^  ^ 

A         2  Am 

The  current  must  be  reversed  suddenly,  some  form  of  commutator 
being  used,  otherwise  the  galvanometer  may  not  feel  the  full  effect. 
We  had  previously 

H  =  1.2566  n  I 
The  value  of  the  permeability  for  any  value  of  H  is  ' 

^  B^ 
'*       H 

In  using  the  method  the  current  in  the  primary  is  reversed  because 
otherwise  the  residual  magnetism  will  produce  a  disturbance.  If  in 
the  experiment  the  current  starts  at  small  values,  the  disturbing  effects 
of  previous  magnetization  is  a  minimum.  We  then  insert  a  high 
resistance  in  the  circuit  at  first  and  note  the  deflection  of  the  galva 
nometer  on  reversing  the  current.  Then  increasing  the  current,  the 
process  is  repeated.  Several  reversals  should  be  made  at  each  value 
of  the  current  until  enough  observations  have  been  made  to  ensure 
an  accurate  result.  The  deflection  on  the  first  reversal  is  apt  to  Ik? 
different  from  those  following.  The  B,  H  curve  obtained  by  this 
method  starts  from  the  origin. 

Hysteresis  Curves.  If  instead  of  reversing  the  current  it  is 
simply  changed  by  a  sudden  change  in  the  resistance,  the  deflection 
will  measure  the  change  in  B.  Starting  with  no  current  in  the  primary 
and  the  ring  unmagnetized,  the  circuit  is  suddenly  closed  with  auxiliary 
resistance  in  circuit  and  the  throw  of  the  galvanometer  noted  as  well 
as  the  current  in  the  primary.  The  values  of  B  and  H  are  determined. 
Next  the  current  is  suddenly  increasetl  by  cutting  out  part  of  the  re- 
sistance and  the  deflection  notetl  and  the  ammeter  read.  The  deflec- 
tion of  the  gjilvanometcr  measures  the  increase  of  B.  The  value  of  B 
b  four.d  by  adding  the  increase  to  the  previous  value.     The  current  is 
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again  increased  and  the  deflection  of  the  galvanometer  will  measure 
the  increase  of  B.  This  is  added  to  the  previous  total,  and  so  on 
until  the  value  of  B  is  found  for  the  highest  value  of  H  which  is  to  be 
used.  The  current,  and  consequendy  H,  is  now  reduced  by  steps, 
and  the  deflections  of  the  galvanometer  in  the  opposite  direction  will 
measure  the  decrease  of  B.  To  obtain  the  value  of  B,  these  decreases 
in  B  are  subtracted  from  the  previous  value.  When  the  zero  value  of 
the  current,  and  consequently  of  H,  is  reached,  the  value  of  B  will  still 
be  a  considerable  amount.  The  current  is  now  reversed  and  built  up 
by  steps  and  the  deflections  will  measure  the  continued  decrease  of 
B  to  zero  and  its  reversal  and  building  up  in  the  reverse  direction. 
This  is  continued  until  the  maximum  reverse  value  H  is  reached, 
equal,  we  will  say,  to  its  previous  positive  maximum.  The  current  is 
reduced  by  steps  to  zero,  reversed,  and  built  up  again  in  the  first 
direction.  The  deflections  measuring  changes  in  B  are  noted  and  the 
total  computed  by  the  algebraic  sum  of  all  that  precede.  The  sum 
of  all  the  deflections  corresponding  to  all  the  steps  from  the  positive 
maximum  to  the  negative  maximum,  should  equal  the  sum  in  the 
reverse  direction.  The  B,  H  curve  will  then  make  a  closed  curve 
for  each  cycle  after  the  first  quarter  cycle.  The  curve  for  the  first 
quarter  cycle  starts  from  the  origin  and  never  returns  there  again. 
As  explained  before,  the  magnetization  lags  behind  the  field  H,  pro- 
ducing the  magnetization. 

If  the  curve  of  B  and  H,  as  obtained  by  this  method,  is  plotted, 
it  is  called  a  hysteresis  curve,  Fig.  6L  The  curve  plotted  to  scale  has 
an  area  to  4  tt  times  the  energy  in  ergs  expended  per  cubic  centimeter 
per  cycle.  Dividing  the  area  by  4  X  tt  X  10^  gives  the  energy  in 
joules  per  cycle.     If  the  cycle  were  run  through  ji  times  per  second, 

the  power  in  watts  would  be  equal  to watts  expended 

40,000,000  TT  ^ 

in  each  cubic  centimeter.  This  is  what  happens  when  an  alternating 
current  is  used. 

There  are  two  sources  of  error  which  may  cause  trouble  in  this 
experiment  and  which  have  not  been  mentioned  above.  The  first  is 
the  effect  of  the  current  in  the  primary  producing  eddy  currents  in 
the  material  of  the  ring,  just  as  currents  are  produced  in  the  secondary 
circuit.  In  fact,  the  material  of  the  ring  is  in  itself  a  secondary  cir- 
cuit of  a  single  turn,  and  currents  in  the  material  of  the  ring  will  be 
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parallel  to  the  current  in  the  secomlary  outside.  These  etldy  currents 
produce  a  magnetic  field  in  the  ring  which  ()p|M)ses  the  rise  of  H  and 
B  in  the  ring.  Therefore,  H  in  the  ring  rises  slower  than  the  current 
in  the  primary  coil;  and  unless  the  perio<l  of  the  galvanomettT  is  high, 
some  of  the  effect  of  the  increase  of  B,  which  may  Ik*  slow  in  increasing, 
will  come  too  late  to  \ye  measured  by  the  galvanometer  deflection. 
The  other  trouble  is  that  if  there  is  any  vibration  the  magnetization 
may  change  by  small  steps  one-  for  each  sluK-k.  This  causes  the 
magnetization  to  creep  up  or  down,  depending  on  whether  the  field 
has  last  been  increased  or  decreaseil.  To  avt)id  the  first  error  it  is  well 
to  have  the  material  in  the  form  of  thin  sheets  which  give  little  chance 
for  eddy  currents,  and  to  avoid  the  second  the  ring  should  rest  on  a 
pad  of  felt  or  other  material  which  will  absorb  the  vibrations. 

Ilysieresis  Tester.  A  method  of  comparing  the  hysteresis  lass 
of  different  samples  of  iron  is  to  compare  their  effect  in  dragging  the 
magnetic  field  when  samples  are  rotated  in  a  constant  magnetic  field 
Suppose  the  sample  takes  the  form  of  a  disk  Ijctween  a  pair  of  field 
magnet  poles.  If  the  disk  is  at  rest  the  field  will  protluce  a  flux 
density  B  in  the  disk  parallel  to  H.  If  the  disk  is  now  rotated  the 
residual  magnetization  will  cause  the  flux  to  rotate  with  the  disk  until 
the  tangential  component  arrests  further  rotation  of  the  flux.  H  and 
B  then  make  a  small  angle  with  one  another  for  very  soft  iron  in  the 
disk,  and  a  proportionately  larger  angle  for  harder  iron  which  shows 
more  hysteresis.  The  turning  moment  required  to  rotate  the  disk 
will  be  proportional  to  the  energy  expended  per  cycle.  If  the  poles 
are  free  to  turn,  they  will  follow  the  disk.  If  the  poles  are  kept  from 
rotating  by  some  counter  moment  due  to  springs  or  gravitational 
action,  the  displacement  of  the  poles  in  the  direction  of  rotation  of  the 
disk  will  measure  the  relative  hysteresis  loss.  If  with  one  sample 
disk  the  displacement  is  twice  that  produced  by  another  sample,  the 
hysteresis  loss  is  about  double.  If  the  hysteresis  loss  is  known  for 
one  disk  that  of  the  other  may  be  computed. 

As  the  relative  twist  of  B  with  respect  to  H  is  the  same  for  all 
moderate  speeds  of  rotation,  it  b  not  necessary  to  be  careful  about 
the  exact  speetl  of  rotation.  Also  it  is  not  necessary  that  the  sample 
be  in  the  form  of  a  disk.  The  same  relation  for  siimples  in  the  form 
of  bundles  of  ecjual  size  strips  will  be  found  to  hold  true.  The  absolute 
angles  of  twist  will  be  different,  but  they  will  have  a  ratio  of  ecjual  value. 
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Professor  Ewing  has  devised  a  hysteresis  tester  in  which  the 
sample,  in  the  form  of  a  bundle  of  strips,  is  rotated  by  means  of  a 
crank  and  gear  train  between  the  poles  of  a  permanent  magnet  which 
is  mounted  on  knife  edges  at  a  point  above  its  center  of  gravity.  The 
magnet  follows  the  rotating  bundle  until  the  gravitational  force  gives 
an  equal  torque  in  the  opposite  direction. 

If  the  sample  is  in  the  form  of  a  solid  bar,  eddy  currents  of  con- 
siderable magnitude  may  be  produced  which  will  complicate  the  re- 
sults and  introduce  more  or  less  uncertainty.  Moreover,  the  eddy 
currents  will  be  greater  at  higher  than  at  lower  rates  of  rotation,  thus 
introducing  different  corrections  at  different  speeds.  For  these  rea- 
sons the  bundle  must  be  well  laminated  to  obtain  reliable  results. 
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HISTORY  AND  DEVELOPMENT 

The  history  «>f  «K'c-tric  li^htinp  as  a  ooniniercial  pn)|><).siti<>ii  l)egins 
with  the  invention  of  the  (Irainnie  dynamo,  hy  Z.  J.  (Iramme,  in 
1870,  together  with  the  introduction  of  the  Jahlochkoff  candle  or 
light,  which  was  first  announce*!  to  the  public  in  1S7G,  and  which 
formed  a  feature  of  the  International  KxjM)sition  at  Paris  in  1878. 
Up  to  this  time,  the  electric  light  was  known  to  hut  few  investigators, 
one  of  the  earliest  being  Sir  Humphrey  Davy  who,  in  1810,  produced 
the  first  arc  of  aiiy  great  magnitude.  It  was  then  calle<l  the  yoltaic^ 
arc,  and  resultetl  from  the  use  of  two  wood  charcoal  pencils  as  elec- 
trodes and  a  powerful  battery  of  voltaic  cells  as  a  source  of  current. 

From  1840  to  1859,  many  patents  were  taken  out  on  arc  lamps, 
most  of  them  operated  by  clockwork,  but  these  were  not  successful, 
due  chiefly  to  the  lack  of  a  suitable  source  of  current,  since  all  de- 
pended on  primarj'  cells  for  their  power.  The  interest  in  this  form 
of  light  died  down  about  1859,  and  nothing  further  was  attempted 
until  the  advent  of  the  Gnimme  dynamo. 

The  incandescent  lamp  was  but  a  piece  of  laboratory  apparatus 
up  to  1878,  at  which  time  Edison  protluced  a  lamp  using  a  platinum 
spiral  in  a  vacuum,  as  a  source  of  light,  the  platinum  In-ing  rendered 
incandescent  by  the  passage  of  an  electric  current  through  it.  The 
first  successful  carbon  filament  was  made  in  1879,  this  filament  being 
formed  from  strips  of  bamlxx>.  The  names  of  Edison  and  Swan  are 
intimately  connected  with  these  early  experiments. 

From  this  time  f>n,  the  development  of  ehftric  lighting  has  been 
very  rapid,  and  the  consumption  of  incandescent  lamps  alone  has 
reache<l  several  millions  e'ach  year.  AMien  we  compare  the  small 
amount  of  lighting  <lone  by  means  of  electricity  twenty-five  years  ago 
with  the  enormous  extent  of  lighting  systems  and  the  numerous 
applications  of  electric  illumination  as  they  are  to-<lay,  the  growth 
and  ilevelopment  of  the  art  is  seen  to  1h'  very  grent,  an<l  the  value  of 
a  stuily  of  this  subject  may  Ik*  readily  appreciatctl.     While  in  many 

(■•jiyriyht.isoo,  6|r  Amtricam  School  of  Corrttpomdtme*. 
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cases  electricity  is  not  the  cheapest  source  of  power  for  illumination, 
its  admirable  (|ualities  and  convenience  of  operation  make  it  by  far 
the  most  desirable. 

CLASSIFICATION 

The  subject  of  electric  lighting  may  be  classified  as  follows: 

1.  The  type  of  lamps  used. 

2.  The  methods  of  distributing  power  to  the  lamps. 

3.  The  use  made  of  the  light,  or  its  application. 

4.  Photometry  and  lamp  testing. 

The  types  of  lamps  used  may  be  subdivided  into: 

1.  Incandescent  lamps:  Carbon,  metallic  filament,  Nernst. 

2.  Special  lamps:  Exhausted  bulb  without  filament,  such  as  the  Cooper- 
Hewitt  lamp  and  Moore  tube  lamp. 

3.  Arc  lamps:  Ordinary  carbon,  flaming  arc. 

INCANDESCENT  LAMPS 

The  incandescent  lamp  is  by  far  the  most  common  tv'pe  of  lamp 
used,  and  the  principle  of  its  operation  is  as  follows: 

If  a  current  /  is  sent  through  a  conductor  whose  resistance  is 
R,  for  a  time  t,  the  conductor  is  heated,  and  the  heat  generated  = 
PR  t,  PR  t  representing  joules  or  watt-seconds. 

If  the  current,  material,  and  conditions  are  so  chosen  that  the 
substance  may  be  heated  in  this  way  until  it  gives  out  light,  becomes 
incandescent,  and  does  not  deteriorate  too  rapidly,  we  have  an  in- 
candescent lamp.  Carbon  was  the  first  successful  material  to  be 
chosen  for  this  conductor  and  for  ordinary  lamps  it  is  formed  into  a 
small  thread  or  filament.  Very  recently  metallic  filament  lamps 
have  been  introduced  commercially  with  great  success  but  the  carbon 
incandescent  lamp  will  continue  to  be  used  for  some  time,  especially 
in  the  low  candle-power  units  operated  at  commercial  voltages.  Car- 
bon is  a  successful  material  for  two  reasons: 

1.  The  material  must  be  capable  of  standing  a  very  high  tem- 
perature, 1,280°  to  1,330°  C,  or  even  higher. 

2.  It  must  be  a  conductor  of  electricity  with  a  fairly  high  re- 
sistance. 

Platinum  was  used  in  an  early  stage  of  the  development,  but, 
as  we  shall  see,  its  temperature  cannot  be  maintained  at  a  value  high 
enough  to  make  the  lamp  as  eflBcient  as  when  carbon,  or  a  metal 
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having  n  nirltiii^  |)<>iiit  lii^luT  than  that  of  platiiuini,  is  iimhI.  Nearly 
nil  attempts  to  siiltstitiitc  another  siilxstaiiee  in  phuv  of  r'arlH)n  have 
failed  until  recently,  an<l  the  frw  lamps  which  are  entirely  or  partially 
sueeessful  will  U*  treated  later.  The  natun*  of  the  earlK>n  employed 
in  incandescent  lamps  has,  however,  been  mtieh  improved  over  the 
first  forms,  and  owing  to  the  still  very  great  im|K)rtanee  of  this  lamp, 
the  meth<Hl  of  numufaeture  will  he  eonsi<lcre«l. 

Manufacture  of  Carbon  Incandescent  Lamps.  Preparation  of 
the  Filament.  Cellulose,  a  chemical  compound  rich  in  carlx)n,  is 
pn'pared  by  treating  ahsorlnnt  cotton  with  zinc  chloride  in  pro|H'r 
proportions  to  form  a  uniform,  gelatine-like  mass.  It  is  customary 
to  stir  this  under  a  partial  vacuum  in  order  to  remove  bubbles  of  air 
which  might  l)e  contained  in  it  and  destroy  its  uniformity.  This 
material  is  then  forced,  "sijuirted,"  through  steel  dies  into  alcohol,  the 
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Fli;.  1.     Forms  of  Filaments  now  in  l"se. 

alcohol  serving  to  harden  the  soft,  transparent  threads.  These  threads 
are  then  thoroughly  washed  to  remove  all  trace  of  the  zinc  chloride, 
dried,  cut  to  the  desired  lengths,  wound  on  forms,  and  carl)onized  by 
heating  to  a  high  temperature  away  from  air.  During  carlx)nization, 
the  cellulasc  is  tninsformed  into  pure  carbon,  the  volatile  matter  being 
driven  off  by  the  high  temperature  to  which  the  filaments  are  subjected. 
The  material  Ix'comcs  hard  and  stiff,  iussuming  a  permanent  form, 
shrinking  in  lx)th  length  and  tliamcter — the  form  being  specially  con- 
stnicted  so  as  to  allow  for  this  shrinkage.  The  forms  are  made  of 
carlK>n  blocks  which  are  plaeetl  in  plumbago  crucibles  and  jmcked 
with  powdered  carbon.  The  crucibles,  which  are  coveretl  with 
l(M)s*'ly  fitting  carlK)n  covers,  are  gnulually  brought  to  a  white  heat, 
at  whi<h  tenijH'rature  the  cellulosi'  is  changed  to  carlK)n,  and  then 
allowed  to  cool.  After  cooling,  the  filaments  are  removed,  measured, 
and  inspected,  and  the  few  defective  ones  discarded. 
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In  the  early  days,  these  filaments  were  made  of  cardlx>ar(l  or 
hamlxjo,  and  later,  of  thread  treated  with  sulphuric  acid. 

A  few  of  the  shapes  of  filaments  now  in  use  are  shown  in  Fig.  1, 
the  different  shapes  giving  a  slightly  different  distribution  of  light. 
As  here  shown  they  are  designated  as  follows:  A,  U-shaped;  B, 
single-curl;  C,  single-curl  anchored;  D,  double-loop;  E,  double- 
curl;  F,  double-curl  anchored. 

Mounting  the  Filament.  After  carbonization,  the  filaments 
are  mounted  or  joined  to  wires  leading  into  the  globe  or  bulb.  These 
wires  are  made  of  platinum — platinum  Ix'ing  the  only  substance,  so 
far  as  known,  that  expands  and  contracts  the  same  as  glass,  with 
change  in  temperature  and  which,  at  the  same  time,  will  not  be  melted 
by  the  heat  developed  in  the  carbon.  Since  the  bulb  must  remain 
air-tight,  a  substance  expanding  at  a  different  rate  from  the  glass 
cannot  be  used.  Several  methods  of  fastening  the  filament  to  the 
leading  in  wires  have  been  used,  such  as  forming  a  socket  in  the  end 
of  the  wire,  inserting  the  filament,  and  then  squeezing  the  socket 
tightly  against  the  carbon;  and  the  use  of  tiny  bolts  when  cardboard 
filaments  were  used;  but  the  pasted  joint  is  now  used  almost  exclu- 
sively. Finely  powdered  carbon  is  mixed  with  some  adhesive  com- 
pound, such  as  molasses,  and  this  mixture  is  used  as  a  paste  for  fasten- 
ing the  carbon  to  the  platinum.  Later,  when  current  is  sent  through 
the  joint,  the  volatile  matter  is  driven  off  and  only  the  carbon  remains. 
This  makes  a  cheap  and,  at  the  same  time,  a  very  efficient  joint. 

Flashing.  Filaments,  prepared  and  mounted  in  the  manner 
just  described,  are  fairly  uniform  in  resistance,  but  it  has  been  found 
that  their  quality  may  be  much  improved  and  their  resistance  very 
closely  regulated  by  depositing  a  layer  of  carbon  on  the  outside  of  the 
filament  by  the  process  of  flashing.  By  flashing  is  meant  heating  the 
filament  to  a  high  temperature  when  immersed  in  a  hydrocarbon  gas, 
such  as  gasoline  vapor,  under  partial  vacuum.  Current  is  passed 
through  the  filament  in  this  process  to  accomplish  the  heating.  Gas 
is  used,  rather  than  a  liquid,  to  prevent  too  heavy  a  deposit  of  the 
carbon.  Coal  gas  is  not  recommended  because  the  carbon,  when 
deposited  from  this,  has  a  dull  black  appearance.  The  effects  of 
flashing  are  as  follows: 

1.  The  diameter  of  the  filament  is  increased  by  the  deposited 
carbon  and  hence  its  resistance  is  decreased.    The  process  must  be 
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(liscontinuccl  when  the  desired  resistance  is  reachefl.  Any  little  irrepi- 
hirities  in  the  fihiment  will  l)e  cliniinattHl  sjiue  the  .smaller  sections, 
having  the  greater  resistance,  will  lx*come  hotter  than  die  remaincler 
of  the  filament  and  the  carbon  is  deposited  more  rapidly  at  these 
points. 

2.  The  character  of  die  surface  is  changed  from  a  dull  black 
and  comparatively  soft  nature  to  a  bright  gray  coating  which  is  much 
harder  and  which  increases  the  life  and  efficiency  of  the  filament. 

ICxhanjfting.  After  flashing,  the  filament  is  s<'aled  in  tlu-  bulb 
and  the  air  exhausted  through  the  tube  A  in  Fig.  2,  which  shows  Uie 
lamp  in  difTerent  stages  of  its 
manufacture.  Tlie  exhaustion 
is  accomplished  by  means  of 
mechanical  air  pumps,  sup- 
j)lcmcntcd  by  Sprengle  or  mer- 
cury pumps  and  chemicals. 
Since  the  degree  of  exhaustion 
must  lx»  high,  the  bulb  shoultl 
l)e  heated  (hiring  the  pnKcss 
so  as  to  drive  of!  any  gas  which 
may  cling  to  the  glass.  When 
chemicals  are  used,  as  is  now 
almost  universally  the  cjisc,  the 
chemical  is  placed  in  the  tube 
A  and,  when  heated,  serves 
to  take  up  much  of  the  remain- 
ing gas.  Exhaustion  is  neces- 
sary for  several  reasons: 

1.  To  avoid  oxidization  of  the  filament. 

2.  To  reduce  the  heat  convcyetl  to  the  globe. 

3.  To  prevent  wear  on  the  filament  due  to  currents  or  eddies  in  the  gas. 

After  exhausting,  the  tube  A  is  sealed  off  and  the  lamp  com- 
pletetl  for  testing  by  attaching  the  ba.se  by  means  of  plaster  of  I*aris, 
Fig.  3  shows  .some  of  the  forms  of  complctetl  incandescent  lamps. 

Voltaj^e  and  Candle-Power.  Incandescent  lamps  of  the  carbon 
type  vary  in  size  from  the  miniature  battery  and  candelabra  lamps  to 
tho.se  of  .several  hundred  candle-power,  though  the  latter  are  very 
9(>lilom  used.     The  more  common  values  for  the  candle-power  are 
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8,  IC,  25,  32,  and  50,  the  choice  of  candle-power  depending  on  the 
use  to  be  made  of  the  lamp. 

The  voltage  will  vary  depending  on  the  method  of  distribution 
of  the  power.  For  what  is  known  as  parallel  distrihviion,  110  or 
220  volts  are  generally  used.  For  the  higher  values  of  the  voltage, 
long  and  slender  filaments  must  be  used,  if  the  candle-power  is  to  be 
low;  and  lamps  of  less  than  IG  candle-power  for  220-volt  circuits  are 
not  practical,  owing  to  difficulty  in  manufacture.  For  series  dis- 
tribution, a  low  voltage  and  higher  current  is  used,  hence  the  fila- 
ments may  be  quite  heavy.  Battery  lamps  operate  on  from  4  to  24 
volts,  but  the  vast  majority  of  lamps  for  general  illumination  are 
operated  at  or  about  110  volts. 


Fig.  3.     Several  Forms  of  Completed  I^amps. 

Efficiency.  By  the  efficiency  of  an  incandescent  lamp  is  meant 
the  power  required  at  the  lamp  terminals  per  candle-power  of  light 
given.  Thus,  if  a  lamp  giving  an  average  horizontal  candle-power 
of  16  consumes  \  an  ampere  at  112  volts,  the  total  number  of  watts 
consumed  will  be  112  X  ^  =  56,  and  the  watts  per  candle-power 
will  be  56  -^  16  =  3.5.  The  efficiency  of  such  a  lamp  is  said  to  be 
3.5  watts  per  candle-power,  or  simply  watts  per  candle.  Waits 
economy  is  sometimes  used  for  efficiency. 

The  efficiency  of  a  lamp  depends  on  the  temperature  at  which 
the  filament  is  run.  In  the  ordinary  lamp  this  temperature  is  between 
1,280°  and  1,330°  C,  and  the  curve  in  Fig,  4  shows  the  increase  of 
efficiency  with  the  increase  of  temperature.    The  temperature  attained 
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by  a  filainont  ilepends  on  the  rate  at  which  heat  U  radiatttl  ami  the 
amount  of  |X)wer  supplied.  The  rate  of  railiation  of  heat  is  propor- 
tional to  the  area  of  the  filament,  the  elevation  in  temperature,  and 
the  emissivity  of  the  surface. 

By  emissivity  is  meant  the  numlxT  of  heat  unit:*  emitted  from 
unit  surface  per  deforce  rise  in  temperature  alxjve  that  of  surrounding 
IkmHcs.  Tlie  bright  surface  of  a  flashed  filament  has  a  lower  emis- 
sivity than  the  dull  surface  of  an  unheated  filament,  hcncv  less 
energy  is  lost  in  heat  radiation  and  die  efficiency  of  the  filament  is 
increasetl. 

As  s(M)n  as  incandcscciicc  is  rca(hc<l,  the  illumination  increases 
much  more  rapidly  than  the  emission  of  heat,  hence  the  increase  in 
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Fig.  4.     EfTlcleiicy  Curve  for  Incundeaceut  Lamp. 

efficiency  shown  in  fig.  4.  Were  it  not  for  the  rapi«l  disintegration 
of  the  carbon  at  high  temperature,  an  efficiency  higher  than  3.1  watts 
could  be  obtained. 

By  a  special  treatment  of  the  carl)on  filaments,  the  nature  of  the 
carljon  is  so  changetl  that  the  filaments  may  be  run  at  a  higher  tem- 
perature and  the  lamps  still  have  a  life  comparable  to  that  of  the  3.1- 
watt  lamp.  Lamps  using  these  special  carbon  filaments  are  known 
as  (jem  metallized  Jilameiit  lamps,  or  merely  as  rjem  lamps,  and  tljcy 
will  Ik*  descril)cd  more  fully  later. 

Relation  of  Life  to  Efficiency.  Ordinary  Carbon  Lamp.  By 
the  useful  life  of  a  lamp  is  meant  the  length  of  time  a  lamp  will  burn 
Ix'fore  its  candle-|X)wer  has  decreased  to  such  a  value  that  it  would 
be  more  economical  to  replace  the  lamp  with  a  new  one  than  to  con- 
tinue to  u.se  it  at  its  de<"rease<l  value.  A  <lecrease  to  <S0^  of  the  initial 
candle-[K)wer  of  carlM)n  lamps  is  now  taken  as  the  point  at  which  a 
lamp  should  be  replaced,  and  the  normal  life  of  a  lamp  is  in  die 
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neighborhood  of  800  hours.  To  obtain  the  most  economieal  results, 
sutii  hinips  should  always  be  replaced  at  the  end  of  their  useful  life. 

In  Table  I  are  given  values  of  efficiency  and  life  of  a  3.5-watt, 
lU)-volt  carbon  lamp  for  various  voltages  impressed  on  the  lamp. 
These  values  arc  plotted  in  Fig.  5.  The  curves  show  that  a  3% 
increase  of  voltage  on  the  lamp  reduces  the  life  by  one-half,  while  an 
increase  of  G%  causes  the  useful  life  to  fall  to  one-third  its  normal 
value.  The  effect  is  even  greater  when  3.1-watt  lamps  are  used,  but 
not  so  great  with  4-watt  lamps.  From  this  we  see  that  the  regulation 
of  the  voltage  used  on  the  system  must  be  very  good  if  high  efficiency 
lamps  are  to  be  used,  and  this  regulation  will  determine  the  efficiency 
of  the  lamp  to  be  installed. 

Selection  of  Lamps.    Ordinary  C arhon  Type.     Lamps  taking  3.1 

watts  per  candle-power  will  give  satisfaction  only  when  the  regulation 

of  voltage  is  the  best — practically  a  constant  voltage  maintained  at  the 

normal  voltage  of  the  lamp. 

TABLE  I 

Effects  of  Change  in  Voltage 

Stanilaril  3. 5- Watt  Lamp 


Voltage 

Per  Cent,  of 

Normal 

Candle-Power 

Per  Cent,  of 

Normal 

Watts  Per 
Candle-Power 

Life  Per  Cent. 
OF  Normal 

Deterioration 

Per  Cent,  of 

Normal 

90 

53 

5.36 

91 

5G 

5.09 

92 

61 

4  '85 

93 

65 

4.63 

94 

69 

4.44 

.394 

25 

9.5 

73 

4.26 

310 

32 

96 

78 

4.09 

247 

44 

97 

S3 

3.93 

195 

51 

98 

88 

3.78 

153 

65 

99 

94 

3.64 

126 

79 

100 

100 

3.5 

100 

100 

101 

100 

3.38 

84 

118 

102 

111 

3.27 

68 

146 

103 

116 

3  16 

58. 

173 

104 

123 

3.05 

47 

211 

10.5 

129 

2.95 

39 

253 

106 

137 

2.85 

31 

316 

107 

143 

2.76 

•26 

380 

108 

152 

2.68 

21 

474 

100 

159 

2.60 

17 

575 

110 

167 

2.53 

16 

637 

Lamps  of  3.5  watts  per  candle-power  should  be  used  when  the 
regulation  is  fair,  say  with  a  maximum  variation  of  2%  from  the 
normal  voltage. 
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Iviinips  of  4  watts  per  candle-power  should  be  installed  when  the 
rejjulation  is  poor.  These  values  are  for  110-volt  lamps.  A  220-volt 
lamp  should  have  a  lower  efficiency  to  give  a  long  life.     This  is  on 


300  400  900 

HOURS 
Fig.  6.     IJfe  Curves  of  Incandescent  L«nip8. 


000 


account  of  the  fact  that,  for  the  same  candle-power,  the  220-volt  lamp 
must  Ix'  constructed  with  a  filament  which  is  long  and  slender  win- 
paretl  to  that  of  the  ll()-volt  lamp,  and  if  such  a  filament  is  run  at  a 
high  temperature  its  life  is  short.  The  220-volt  lamp  is  useil  to  some 
considerable  extent  abroad  but  it  is  not  employed  extensively  in  the 
Unitctl  States.  It  is  customary  to  o|Hrate  such  lamps  at  an  efficiency 
of  about  4  watts  per  candle-power. 
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Lamps  should  always  be  renewed  at  the  end  of  their  useful  life, 
this  point  being  termed  the  smashing-point,  as  it  is  cheaper  to  replace 
the  lamp  than  to  run  it  at  the  reduced  candle-power.  Some  recom- 
mend rimning  these  lamps  at  a  higher  voltage,  but  that  means  at  a 
reduced  life,  and  it  is  not  good  practice  to  do  this. 


Pig.  7.    Horizontal  Distribution  Curve  for  Single-Loop  Filament. 

Fig.  6  shows  the  life  curves  of  a  series  of  incandescent  lamps. 
These  curves  show  that  there  is  an  increase  in  the  candle-power  of 
some  of  the  lamps  during  the  first  100  hours,  followed  by  a  period 
during  which  the  value  is  fairly  constant,  after  which  the  light  given 
by  the  lamp  is  gradually  reduced  to  about  80%  of  the  initial  candle- 
power. 
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Distribution  of  Light.  In  Fig.  1  are  shown  various  fonm  of 
filaments  used  in  incandeseent  lamps,  and  Figs.  7  and  8  .show  the  dis- 
trilnition  of  light  from  a  single-loop  filament  of  cylindrical  eros.H- 
seetion.  Fig.  7  .shows  the  distribution  of  light  in  a  horizontal  plane,  the 
lamp  bi'ing  mounted  in  u  vertical  position,  and  Fig.  8  shows  the  dis- 


FIk.  8.     Vertical  Distribution  Curve  for  Single-Loop  FUamcnt. 

tribution  in  a  vertical  plane.  By  changing  the  shape  of  the  filament, 
the  light  distribution  is  varied.  A  mean  of  the  readings  taken  in 
the  horizontal  plane  forms  the  mean  horizontal  candlc-pourr,  and 
this  candU-jM)wer  mting  is  the  one  generally  a.ssunie<l  for  the  onlinary 
incandescent  lamp.  A  mean  of  the  n-adiiigs  taken  in  a  vertiad  plane 
gives  us  the  mean  vertical  candle-|x>wer,  but  this  value  is  of  litUe  use. 
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Mean  Spherical  CandIe=Power.  When  comparing  lamps  which 
give  an  entirely  different  light  distribution,  the  mean  horizontal 
candle-power  does  not  form  a  proper  basis  for  such  comparison,  and 
the  mean  spherical  or  the  mean  hemispherical  candle-power  is  used 
instead.  By  mean  aphcrical  candle-power  is  meant  a  mean  value  of 
the  light  taken  in  all  directions.  The  methods  for  determining  this 
will  be  taken  up  under  photometry.  The  mean  hemispherical  candle- 
power  has  reference,  usually,  to  the  light  given  out  below  the  horizon- 
tal plane. 

The  Gem  Metallized  Filament  Lamp.  When  the  incandescent 
lamp  was  first  well  established  commercially,  the  useful  life  of  a  unit, 
when  operated  at  3.1  watts  per  candle,  was  about  200  hours.  The 
improvements  in  the  process  of  manufacture  have  been  continuous 
from  that  time  until  now,  and  the  useful  life  of  a  lamp  operated  at 
that  efficiency  to-day  is  in  the  neighborhood  of  500  hours.  Experi- 
ments in  the  treatment  of  the  carbon  filament  have  led  to  the  intro- 
duction of  the  gem  metallized  filament  lavip.  This  lamp  should  not 
be  confused  with  the  metallic  %iment  lamps,  to  be  described  later, 
because  the  material  used  is  carbon,  not  a  metal.  As  a  result  of 
special  treatment  the  carbon  filament  assumes  many  of  the  character- 
istics of  a  metallic  conductor,  hence  the  term  metallized  filament. 
The  word  graphitizcd  has  been  proposed  in  place  of  metallized. 

TABLE  II 
*  Data  on  the  Oem  Metallized  Filament  Lamp 


HOHIZONTAL 

Watts  per 

tSPHERlCAL 

5  USEFOL 

Watts 

C.    P. 

Candle 

Reduction 
Factor 

Life 

40 

16 

2.5 

.816 

450  hrs. 

50 

20 

2.5 

.825 

450    " 

80 

32 

2.5 

.816 

450     " 

100 

40 

2.5 

t 

460    " 

125 

50 

2.5 

t 

450    " 

187.5 

75 

2.5 

t 

450    " 

250 

100 

2.5 

t 

450    " 

♦These  Icmps  are  normally  rated  at  thiee  vcltagcs,  114,  112,  and  110  volts,  but 
data  referring  to  the  highest  voltage  only  are  given. 

t  IJy  spherical  reduction  factor  is  meant  the  factor  by  which  the  horizontal  candle- 
power  must  be  multiplied  to  obtain  the  mean  splierical  candle-power. 

t  The  larger  units  are  almost  Invariably  used  with  reflectors,  hence  no  spherical 
reriuction  factor  is  given. 

$  The  life  of  the  lamps  when  operated  at  the  lower  voltage  Is  increased  to  about 
950  hours,  and  the  efficiency  is  changed  to  2.83  watts  per  candle. 
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When  a  filuiiient,  as  treated  in  the  ordinary  manner,  i.s  run  at  a 
high  temperature  in  a  lamp  there  is  no  improvement  of  the  filament, 
but  it  was  di.scoveriHl  that,  if  the  treate<l  filaments  were  subjected  to 
the  extremely  high  tem|x'rature  of  the  eleetric  resistance  fumacr — 
3,000  to  3,700  degrees  C. — at  atmospheric  pressure,  the  physical 
nature  of  the  carlwn  was  change<l  ami  the  resulting  filament  could' l)e 
operated  at  a  higher  temperature  in  the  lamp  and  a  higher  efficiency, 


Fljt.  9.     Typiial  DiKtribution  Curves  of  Gem  Lamp  with  DilTerent  Tyixw  of  Keflettors. 


and  still  maintain  a  life  comparable  to  that  of  a  3.1-watt  lamp.  This 
special  heating  of  the  filament,  which  is  applied  to  the  base  filament 
before  it  is  flashed,  as  well  as  to  the  treatitl  filament,  causes  the  t-old 
resistance  of  the  carbon  to  be  very  materially  decreased  and  the  fila- 
ment, as  use<l  in  the  lamp,  has  a  positive  temperature  coefficient — 
rise  in  r<*sistance  with  rise  in  tem[x*niturc — a  desirable  feature  from 
the  stand{M>int  of  voltage  regulation  of  the  circuit  from  which  the 
lamps  are  openite<l.  The  high  temperature  also  results  in  the  driving 
off  of  consiilenible  of  the  material  which,  in  the  onlinary  lamp,  causes 
the  gl<>l)e  to  blacken  after  the  lamp  has  l-twn  in  use  for  some  time. 
The  blackening  of  the  bulb  is  res|x)nsible  to  a  considerable  degree 
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for  tlie  decrease  in  candle-power  of  the  incandescent  lamp.  The 
metallized  filament  lamp  is  operated  at  an  efficiency  of  2.5  watts  per 
candle  with  a  useful  life  of  about  500  hours.  The  change  in  candle- 
power  with  change  in  voltage  is  less  than  in  the  ordinary  lamp  on 
account  of  the  positive  temperature  coefficient  of  the  filament.  These 
lamps  are  not  manufactured  for  very  low  candle-powers,  owing  to  the 

difficulty  of  treating  very  slender  fila- 
ments, but  they  are  made  in  sizes  con- 
suming from  40  to  250  watts.  Table  II 
gives  some  useful  information  in  connec- 
tion with  metallic  filament  lamps.  The 
filaments  are  made  in  a  variety  of  shapes 
and  the  distribution  curves  are  usually 
modified  in  practice  by  the  use  of  shades 
and  reflectors.  The  general  appearance 
of  the  lamp  does  not  differ  from  that  of 
the  ordinary  carbon  lamp.  Fig.  9  shows 
typical  distribution  curves  of  the  metallized 
filament  lamp  as  it  is  installed  in  practice. 
Metallic  Filament  Lamps.  The  Tan- 
talum Lamp.  The  first  of  the  metallic 
filament  lamps  to  be  introduced  to  any  considerable  extent  com- 
mercially was  the  tantalum  lamp.  Dr.  Bolton  of  the  Siemens  & 
Halske  Company  first  discovered  the  methods  of  obtaining  the  pure 
metal  tantalum.  This  metal  is  rendered  ductile  and  drawn  into 
slender  filaments  for  incandes- 
cent lamps.  Tantalum  has  a  high 
tensile  strength  and  high  melting 
point,  and  tantalum  filaments  are 
operated  at  temperatures  much 
higher  than  those  used  with  the 
carbon  filament  lamp.  On  ac- 
count of  the  comparatively  low 
specific  resistance  of  this  material 
the  filaments  for  110-volt  lamps  must  be  long  and  slender,  and 
this  necessitates  a  special  form  of  support.  Figs.  10,  11,  and  12 
show  some  interesting  views  of  the  tantalum  lamp  and  the  fila- 
ment.    This   lamp   is   operated   at   the   efficiency   of  2   watts   per 


Fig.  10. 


Round  Bulb  Tantalum 
Lamp. 


«-^ 


Fig.  11.    Tantalum  Filament  Before  and 
After  1,000  Hours'  Use. 
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cainlle-powcT,  with  a  lift*  coinparuhlo  to  thut  of  t\\v  onliimry  lamp. 
By  special  treatment  it  is  |X)ssil)le  to  increiuse  the  resistiinee  of  the 
filaments  so  that  thev  mav  Ik*  shorter  and  heavier  than  those  used  in 


FiK.  l: 


Appearanre  of  Filament  A  (tor 
Having  Been   I'hw!. 


Filament  Frame  SiKtwinic 
Bmken  Filament. 


the  first  of  the  tantaUim  lamps.  It  should  be  note<i  that  the  life  of 
this  type  of  lamp  on  alternating-current  circuits  is  somewhat  uncer- 
tain; it  is  much  more  satisfactory  for  o|x>ration  on  direct-<'urrent 
circuits.  Tables  III  and  IV  give  some  general  data  on  the  tantalum 
lamp,  and  Figs.  13  and  14  show  typical  distribution  cur\es  for  tlie 
units  as  installed  at  present. 

TABLE  III 

Data  on  Tantalum  Lamp 

GENERAL  ELECTRIC  CO.,  MFTK9. 


8us  or  Bulb 

DiAMKTcR  or 

BOLB    IN    LnCHKS 

EariMATso  Lira 

Rkottlar 

ROOND 

ON  A.  C. 

ON  D.  C. 

40  watt 
50     " 

HO     " 

40  watt 
80       " 

if 

5 

3r»o 

A'A) 
4(N) 

400 

soo 

WX) 
800 
800 
800 
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TABLE  IV 
Data  on  the  Life  of  a  25-C.  P.  Unit 


No.  or  HoUKS  Bornbd 

Candle-Power 

Wattb  per  Candle 

0 

19.8 

2.17 

25 

23.  G 

1.865 

50 

23.1 

1.90 

125 

22.3 

1.98 

225 

22.4 

1  .90 

350 

22.3 

1  .97 

450 

22.2 

1  .98 

550 

21   2 

2.05 

050 

19.  G 

2.20 

Fig.  13.      Vertical  Distribution  Curve  Witiiout  Koflector. 

The  Tungsten  Lamp.  Following  closely  upon  the  development 
of  the  tantalum  lamp  came  the  tungsten  lamp.  Tungsten  posses.ses 
a  very  high  melting  point  and  an  indirect  method  is  employed  in 
forming  filaments  for  incandescent  lamps.  There  are  several  of  these 
methods  in  use.  In  one  method  a  fine  carbon  filament  is  flashed  in 
an  atmosphere  of  tungsten  oxychloride  mixed  with  just  the  proper 
proportion  of  hydrogen,  in  which  case  the  filament  gradually  changes 
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to  one  of  tungsten.  A  second  method  consists  of  the  use  of  powdenul 
tungsten  and  some  binding  material,  sometimes  organic  and  in  otlier 
cases  metallic.  The  jK)\vdere<l  tungsten  is  mixed  with  the  binding 
material,  the  paste  sc|uirte<]  into  filaments,  and  die  binding  material  is 
then  expelled,  usually  by  the  aid  of  heat.  Another  method  of  manu- 
facture consists  of  securing  tungsten  in  colloidal  form,  s(|uirting  it 


•flV 


w*       30'^      ee'      To       o*     lo*      '30*      lo*        5&* 
FIr.  14.     Distribution  Curves  for  Tantalum  L«mp.     No.  1.  40  Watts;  No.  2.  80  Wattn. 


into  filaments,  and  then  changing  them  to  the  metallic  form  by  piissing 
electric  current  through  the  filaments. 

The  tungsten  lamp  has  the  highest  efficiency  of  any  of  the  com- 
mercial forms  of  metidlic  filament  lamps  now  in  use,  alxnit  1.2.5  warts 
per  candle-power  when  operattnl  so  as  to  give  a  normal  life,  and  lamps 
for  110-volt  serN'ice  and  consuming  but  40  watts  have  recently  been 
put  on  the  market.  A  25-watt  lamp  for  this  same  voltage  appears  to 
l)e  a  pcxssibility.  The  units  introducetl  at  first  were  of  high  camllc- 
jM>wer  iKH'ause  of  the  difficulty  of  manufacturing  the  slender  filaments 
required  for  the  low  candle-power  lamps. 


181 


1^ 


t:LECTRIC  LIGHTINO 


The  advantages  of  these  metals,  tanUihnn  and  tungsten,  for 
inc^andescent  lamps  are  in  the  improved  efficiency  of  the  lamps  and 
the  good  quality  of  the  light,  white  or  nearly  white  in  both  cases. 
In  either  case  the  change  in  candle-power  with  change  in  voltage  is 
less  than  the  corresponding  change  in  an  ordinary  carbon  lamp.  The 
disadvantage  lies  in  the  fact  that  the  filaments  must  be  made  long  and 
slender,  and  hence  are  fragile,  for  low  candle-power  units  to  be  used 


FiK.  15.     Multiple  Tungsten  Lamp. 


Ficr.  1  6.     Series  Tunpr.sten  I^mp. 


on  commercial  voltages.  In  some  cases  tungsten  lamps  are  con- 
structed for  lower  voltages  and  are  used  on  commercial  circuits  through 
the  agency  of  small  step-down  transformers.  Improvements  in  the 
process  of  manufacture  of  filaments  and  of  the  method  of  their  sup- 
port have  resulted  in  the  construction  of  110-volt  lamps  for  candle- 
powers  lower  than  was  once  thought  possible.  Figs.  15  and  16  show 
the  appearance  of  the  tungsten  lamp,  and  Figs.  17  and  18  give  some 
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typical  (Ustrihution  curves.     Tables  V  and  VI  giv«  data  on  this  lamp 
as  it  is  inanufucturc<l  at  present.     One  very  consideniMe  applicution 


Fig.  17.     C.  P.  DLstriliutlon  Curvts  of  100- Watt  Oen.  Klec.  Tungiten 

Incandescent  Units  with  n-.3,  C-3,  and  D-.T  HolophaneA.  ' 

of  the  tungsten  lamp  is  to  incandescent  street  lighting  on  series  cir- 
cuits, in  which  case  the  lamp  may  be  made  for  a  low  voltage  acnxss 
its  terminals  and  the  filament  may  be  made  comparatively  short  and 


fO^' 


/go* 


Fig.  18.     Candle-rower  DLstrilnitlon  Olven  with  40  c.  p  Oen.  Elec.  Tungsten 
Series  I^iAip  aiMl  Radial  Wave  Reflo<tor. 

heavy,     Tlie  tungsten  lamp  is  also  being  introtluivtl  as  a  low  vollagi' 
battery  lamp. 

The  Just  lamp,  the  Z  lamp,  the  Osram  lamp,  the  Zinxin- Wolfram 
lamp,  the  O.smin  lamp,  etc.,  arc  all  tungsten  lam|)s,  the  filaments 
IxMng  pn-pared  by  .some  of  the  general  methods  already  describetl  or 
mcxliHcations  (»f  them. 
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TABLE   V 

Tungsten  Lamps 

MULTIPLE 


Watts 

Volts 

Candle- 

POWEB 

Watts 

PKH 

c.  p. 

Tip  Candle- 

POWER 

Spherical 

Reduction 

Factor 

40 
60 

100 

to 

125 

32 
40 

1.25 
1.25 

5 
5.6 

76.3 
76.3 

TABLE  VI 
Tungsten  Lamps 

SERIES 


Ampbres 

Volts 

Candle-Poweb 

Watts  per  C. 

P. 

4 

13.5 
20.25 

•       40 
60 

1.35 

5.5 

9.8 
14.7 

40 
60 

1.35 

6.6 

8.2 
12.3 

40 
60 

1.35 

7.5 

7.2 
10.8 

40 
60 

1  35 

The  Osmium  Lamp.  Very  efficient  incandescent  lamps  have 
been  constructed  using  osmium  for  the  filament.  An  indirect  method 
is  resorted  to  in  the  formation  of  these  filaments.  Osmium  lamps 
have  not  been  successful  for  commercial  voltages  because  the  fila- 
ment is  too  fragile  if  it  is  made  to  have  a  high  resistance,  so  these 
lamps  must  be  operated  in  series  or  through  the  agency  of  reducing 
transformers  if  they  are  to  be  applied  to  110-volt  circuits.  At  25 
volts,  lamps  are  constructed  giving  an  efficiency  of  about  L5  watts  per 
candle-power  with  a  life  comparable  to  that  of  a  3.5-watt  carbon  lamp. 
Owing  to  the  introduction  of  the  tungsten  lamp,  the  osmium  lamp 
will  probably  never  be  used  to  any  great  extent. 

Other  Metallic  Filament  Lamps.  Table  VII  gives  the  melting 
points  of  several  metals  which  are  highly  refractory  and  those  already 
mentioned  are  not  the  only  ones  which  have  been  successfully  used 
in  incandescent  lamps.  Titanium,  zirconium,  iridium,  etc.,  have 
been  successfully  employed,  but  the  tantalum  and  tungsten  lamps  are 
the  only  ones  which  are  used  to  any  extent  in  the  United  States. 
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TABLE  VII 

Melting  Point  of  Some  MeUU 


ArraosiMATK  McLTtMa  Poitrr 

M»T»I. 

IN  DcoiiKea  C. 

Tungsten 

3080-3200 

Titanium 

3000 

Tantalum 

2M)0 

(>Hmium 

2500 

Platinum 

1775 

Zirconium 

I5<X) 

Silicon 

1200 

Carbon  (not  a  metal) 

3000 

The  Helion  Lamp.  The  helion  lamp,  which  gives  considerable 
promise  of  commercial  development,  is  a  compromise  between  the 
carbon  lamp  and  the  metallic  filament  lamp.  A  slender  filament  of 
carbon  is  flashed  in  a  compoimd  of  silicon  (gaseous  state)  and  a  fila- 
ment composed  of  a  carbon  core  more  or 
less  impregnated  with  silicon  and  coated 
with  a  metallic  layer  is  formed.  The 
emissivity  of  such  a  filament  is  high,  the 
light  is  white  in  color,  and  the  filament  is 
strong.  The  efficiency  of  the  helion  fila- 
ment as  far  as  it  has  been  developed  is 
higher  than  that  of  a  carbon  filament 
when  operated  at  the  same  temperature. 
At  1,500  degrees  C.  the  efficiency  of  the 
helion  filament  is  2.15  watts  per  candle- 
power,  while  for  a  carbon  filament  it  is 
al)out  3.5  watts  per  candle-power.  Fila- 
ments of  this  type  have  l)een  made  which 
may  be  heate<l  to  incandescence  in  o|H'n 
air  without  immediate  destruction.  This 
lamp  is  not  yet  on  the  market. 

The  Nemst  Lamp.    The  Nernst  lamp 
still    another    form    of    incandescx'ut 


Flit.  19.     Wartlnithouae  Ncnirt 
Multiple-Glower  Lamp. 


IS 


lamp,  several  tj'pes  of  which  are  shown  in  Figs.  19,  20,  21,  and  22. 
This  lamp  uses  for  the  incandescent  material  certain  o.xides  of  the 
rare  earths,  the  oxitles  being  nii.\ed  in  the  form  of  a  paste,  then 
quirted  through  a  die  into  a  string  which  b  subjected  to  a  roast- 
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ing  process  forming  the  filament  or  r/lmver  material  of  the  lamp  as 
represented  by  the  lower  white  line  in  Fig.  23.  The  more  recent 
glowers  are  made  hollow  instead  of  solid.    The  glowers  are  cut  to 

the  desired  length  and  platinum  ter- 
minals attached.  The  attachment 
of  these  terminals  to  the  glowers  is 
an  important  process  in  the  manu- 
facture of  the  lamp.  The  recent 
discovery  of  additional  oxides  has 
led  to  the  construction  of  glowers 
which  show  a  considerable  gain  in 
efficiency  over  those  previously  used. 
The  glowers  are  heated  to  incan- 
descence in  open  air,  a  vacuum  not 
being  required. 

As  the  glower  is  a  non-conductor 
when  cold,  some  form  of  heater  is 
necessary  to  bring  it  up  to  a  tem- 
perature at  which  it  will  conduct. 
Two  forms  of  heater  have  been 
used.  One  of  them  consists  of  a 
porcelain  tube  shown  just  above 
the  glower,  Fig.  23,  about  which  a 
fine  platinum  wire  is  wound;  the 
wire  is  in  turn  coated  with  a  cemept. 
Two  or  more  of  these  tubes  are 
mounted  directly  over  the  glower,  or 
glowers,  and  serve  as  a  reflector 
as  well  as  a  heater.  The  second 
form  of  heater  consists  of  a  slender 
rod  of  refractory  material  about 
which  a  platinum  wire  is  wound, 
the  wire  again  being  covered  with 
a  cement.  This  rod  is  then  formed  into  a  spiral  which  surrounds  the 
glower  in  the  vertical  glower  type,  or  is  formed  into  the  wafer  heater, 
Fig.  24,  now  universally  employed  in  the  Westinghouse  Nernst  lamp 
with  horizontal  glowers.  The  wafer  heater  is  bent  so  that  it  can  be 
mounted  with  several  sections  parallel  to  the  glower  or  glowers. 


Fig.  20.      Sectional  View  of  Multiple 
Glower  Westinghouse  Nernst  Lamp. 
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The  heating  device  is  connected  acroas  the  circuit  when  the  lamp 
b  first  turned  on,  and  it  must  be  cut  out  of  circuit  after  the  glowers 
become  conductors  in  order  to  save  the  energy  consumed  by  the 


Fl«.  21.     Sectkxul  Views  of  Slngle-Gk>«er  WettiDgb< 


Lamp. 


heater  and  to  prolong  the  life  of  the  heater.  The  automatic  cut-out 
is  operated  by  meaas  of  an  electromagnet  so  arranged  that  current 
flows  through  this  magnet  as  soon  as  the  glower  becomes  a  conductor, 
and  contacts  in  the  heater  circuit 
are  opened  by  this  magnet.  The 
contacts  in  the  heater  circuit  are 
kept  normally  closed,  usually  by  the 
force  of  gravity. 

The  conducti>-ity  of  the  glower 
increases  with  the  increase  of  tem- 
perature— the  material  has  a  nega- 
tive temperature  coefficient — hencv 
if  it  were  use<I  on  a  constan.  pocen- 
tial  circuit  directly,  the  current 
and  temperature  would  continue 
to  ri.se  until  the  glower  was  de- 
stroyed.    To   prevent    the   current 
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from  increasing  beyond  the  desired  value,  a  ballast  resistance  is 
used  in  series  with  the  glower.  As  is  well  known,  the  resistance  of 
iron  wire  increases  quite  rapidly  with  increase  in  temperature,  and 

the  resistance  of  a  fine  pure  iron  wire 

is  so  adjusted  that  the  resistance  of  the 

combined  circuit  of  the  glower  and  the 

ballast  becomes  constant  at  the  desired 

temperature  of  the  glower.     The  iron 

wire  must  be  protected  from  the  air 

to  prevent  oxidization  and  too  rapid 

temperature    changes,   and,    for    this 

reason,  it  is  mounted  in  a  glass  bulb 

filled  with  hydrogen.      Hydrogen  has 

^         ,  been  selected  for  this  purpose  because 

Fig.  23.    Westinghouse  Nemst  Screw  it  is  an  inert  gas  and  conducts  the  heat 

^""sh^:^  'S^.TZ"^-       fro"  *e  ballast  to  the  walls  of  the 

Tubular  Heater.  bulb  better  than   other  gases   which 

might  be  used. 

All  of  the  parts  enumerated,  namely,  glower,  heater,  cut-out,  and 

ballast,  are  mounted  in  a  suitable  manner;  the  smaller  lamps  have  but 

one  glower  and  are  arranged  to  fit  in  an  incandescent  lamp  socket, 

while  the  larger  types  are  constructed  at  present  with  four  glowers 


Fig.  24.    Wafer  Heater  and  Mounting. 


and  are  arranged  to  be  supported  in  special  fixtures,  or  the  same  as 
small  arc  lamps.  All  parts  are  mechanically  arranged  so  that  renew- 
als may  be  easily  made  when  necessary  and  it  is  not  possible  to  insert 
a  part  belonging  to  one  type  of  lamp  into  a  lamp  of  a  different  type. 
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Tlie  advantages  claimed  for  the  Nernst  lamp  are:  High  effi- 
ciency; a  gooti  color  of  light;  a  gootl  distribution  of  light  without  the 
use  of  reflectors;  a  long  life  with  Uw  cost  of  maintenance;  and  a 
complete    series   of  sizes   of  units, 
thus  allowing  its  adaption  to  prac- 
tically all  classes  of  illumination. 

The  lamp  is  constructwl  for 
both  direct-  and  alternating-current 
service  and  for  110  and  220  volts. 
\\'hen  the  alternating-current  lamp 
is  used  on  a  110-volt  circuit  a  small 
transformer,  commonly  called  a 
converter  coil,  Fig.  25,  is  utilized  to 
raise  the  voltage  at  the  lamp  ter- 
minals to  about  220  volts. 

Data  on  the  Nernst  lamp  in  its  present  form  are  given  in  Table 
VIII,  and  Figs.  26  and  27  show  the  form  of  distribution  cur>'cs. 

TABLE  VIII 
Qeneral  Data  on  the  Nernst  Lamp 


Fig.  35.    Converter  Cofl. 


Lamt 

1 

Current 

Max. 

Rating 

^VoLTAoe 

IN 

Candlb- 

IN  Watts 

AMrcREs 

POWKR 

66 

110 

r. 

71 

88 

220 

} 

105 

110 

110 

10 

131 

220 

5 

132 

110 

12 

156 

220 

6 

2r>4 

220 

1.2 

345 

396 

220 

18 

528 

S28 

220 

2  4 

745 

Mean 

HEMUrHKR- 
ICAL  c.  r. 


50 
77 

06.4 
114 

231 
350 
504 


Watt*  fkr  M.  H.  8.  c.  r. 
rKOM  Tbrt 


1  38 
12 
12 
12 

12 
1    15 
1  09 


AC. 
1 -Glower      or 
D.C. 


2-Gloweri  .  ^ 

3-Glower  I   or 

i4-GIowerj'^^ 


Comparison  of  the  Different  Types  of  Incandescent  Lamps.  A 
direct  comparison  of  the  different  tjpes  of  incandescent  lamps  can- 
not Im?  made  !)ut  it  is  desirable  at  this  time  to  note  the  following  points: 
Tlir  lamps  which  are  ctmsidrrecl  commercial  in  the  Unitetl  States 
at  the  present  time  are  the  carlxm,  gem,  tantalum,  tungsten,  and 
Nernst  kimp.     The  efficiencies  ordinarily  accepted  run  in  the  order 
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given,  approximately  3.1,  2.5,  2,  L25,  and  L2  watts  per  candle  respec- 
tively. The  figure  of  1.2  watts  per  candle  for  the  Nernst  lamp  is 
based  upon  the  mean  hemispherical  candle-power  and  it  should  not 
be  compared  directly  with  the  other  efficiencies.  The  color  of  the 
light  in  all  of  the  above  cases  is  suitable  for  the  majority  of  classes  of 
illumination,  the  light  from  the  higher  efficiency  units  being  some- 
what whiter  than  that  from  the  carbon  lamp.  All  of  these  lamps  are 
constructed  for  commercial  voltages  and  for  either  direct  or  alternating 
current.    The  use  of  the  tantalum  lamp  on  alternating  current  is  not 


eo'  75'  so'  75*  60' 

Fig.  26.     Distribution  Curve  of  132- Watt  Type  Westlnghouse  Nemst  Lamp. 
Single  Glower. 


always  to  be  recommended  as  the  service  is  unsatisfactory  in  some 
cases.  The  minimum  size  of  units  for  110  volts  is  about  4  candle- 
power  for  the  carbon  lamp,  20  candle-power  for  the  metallic  filament 
lamp,  and  50  candle-power  (mean  hemispherical)  for  the  Njernst 
lamp.  Some  of  the  metallic  filament  lamps  are  constructed  for  a 
consumption  of  as  high  as  250  watts,  while  the  largest  size  of  the 
Nernst  lamp  uses  528  watts.  The  light  distribution  of  any  of  the 
units  is  subject  to  considerable  variation  through  the  agency  of  re- 
flectors, but  the  Nernst  lamp  is  ordinarily  installed  without  a  reflec- 
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tor.  Practically  all  of  the  other  units  of  high  candle-power  use  n*- 
flectors  and  only  a  few  of  the  typical  ciin'es  of  light  distribution  curves 
with  reflwtors  have  Ixfn  shown  in  connection  with  the  tlescription 
of  the  lamps.  Tlie  life  of  all  of  the  commercial  lan)|xs  desc-ribed  is 
(;i()nsidered  as  satisfactory.  The  minimum  life  Is  seldom  less  than 
500  hours  and  the  useful  life  is  gi^nerally  In'tween  .'jOO  and  1 ,0(X)  hours. 
On  account  of  the  slender  filaments  employed  in  the  metallic  filament 


60*  75'  90*  75*  60* 

Pig.  27.     Distribution  of  LiKht  from  MultlpIe-OIower  Weatlnghouae  Nernst  Lamps  wltti 

8*  Clear  Globes.     No.  l.  2  Glower;  No.  2,  3  Glower:  No.  3,  4  Glower. 

lamps  they  are  not  made  for  low  candle-powers  at  commercial  vol- 
tages. The  introduction  of  transformers  for  the  purpose  of  changing 
the  circuit  voltage  to  one  suitable  for  low  candle-power  units  has  not 
become  at  all  general  as  yet  in  this  country. 

SPECIAL    LAMPS 

The  Mercury  Vapor  Lamp.  The  mercury  vapor  lamp  in  this 
country  is  put  on  the  market  by  the  Cooper-Hewitt  Electric  Company 
and  it  is  being  used  to  a  considerable  extent  for  industrial  illumination. 
In  this  lamp  mercury  vapor,  rendere<l  incandescent  by  the  passage 
of  an  electric  current  thrtjugh  it,  is  the  source  of  light.  In  its  standard 
form  this  lamp  consists  of  a  long  glass  tube  from  which  the  air  has 
been  carefully  exhausted,  and  which  contains  a  small  amount  of 
metallic  mercury.    The  mercury  is  held  in  a  large  bulb  at  one  end  of 
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the  tube  and  forms  the  negative  electrode  in  the  direct-current  lamp. 
The  otlier  electrode  is  formed  by  an  iron  cup  and  the  connections 
between  the  lamp  terminals  and  the  electrodes  are  of  platinum  where 
this  connection  passes  through  the  glass.     Fig.  28  gives  the  general 
appearance  of  a  standard  lamp  having  the  following  specifications: 
Total  watts  (110  volts,  3.5  amperes)  =  385 
Candle-power  (IM.  H.  with  reflector)  =  700 
Watts  per  candle  =  0.55 
Length  of  tube,  total  =  55  in. 
Length  of  light-giving  section  =  45  in. 
Diameter  of  tube  =  1  in. 

Height  from  lowest  point  of  lamp  to  ceiling  plate  =  22  in. 
For  220-volt  service  two  lamps  are  connected  in  series. 
The  mercury  vapor,  at  the  start,  may  be  formed  in  two  ways: 
First,  the  lamp  may  be  tipped  so  that  a  stream  of  mercury  makes 

contact  between  the  two  elec- 
trodes and  mercury  is  vaporized 
when  the  stream  breaks.  Second, 
by  means  of  a  high  inductance 
and  a  quick  break  switch,  a  very 
high  voltage  sufficient  to  pass  a 

current  from  one  electrode  to  the 
Fig.  28.    Cooper-Hewitt  Mercury  Vapor  i.i,       xu  i,  i.u  •     • 

Lamp.  other  through  the  vacuum,  is  m- 

duced  and  the  conducting  vapor 

is   formed.     The   tilting  method  of  starting  is  preferred  and  this 

tilting  is  brought  about  automatically  in  the  more  recent  types  of 

lamp      Fig.  29  shows  the  connections  for  automatically  starting  two 

lamps  in  series.     A  steadying  resistance  and  reactance  are  connected 

as  shown  in  this  figure. 

The  mercury  vapor  lamp  is  constructed  in  rather  large  units, 

the  55-volt,  3.5-ampere  lamp  being  the  smallest  standard  size.    The 

color  of  the  light  emitted  is  objectionable  for  some  purposes  as  there 

is  an  entire  absence  of  red  rays  and  the  light  is  practically  monochro- 

maiic.     The  illumination  from  this  type  of  lamp  is  excellent  where 

sharp  contrast  or  minute  detail  is  to  be  brought  out,  and  this  fact 

has  led  to  its  introduction  for  such  classes  of  lighting  as  silk  mills  and 

cotton  mills.     On  account  of  its  color  the  application  of  this  lamp  is 

limited  to  the  lighting  of  shops,  oflBces,  and  drafting  rooms,  or  to  dis^ 
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play  win^lows  where  the  gcxKls  shown  will  not  be  ehangecl  in  appear- 
ance by  the  color  of  the  light.  It  is  u.sed  to  a  considerable  extent  in 
photographic  work  on  acctiunt  of  the  actinic  properties  of  the  light. 
Special  reactances  must  l)e  provided  for  a  mercury  arc  lamp  operating 
on  single-phase,  alternating-current  circuits. 

The  Moore  Tube  Light.  The  Moore  light  makes  use  of  the 
familiar  Gcisslcr  tube  discharge — discharge  of  electricity  through  a 
vacuum  tube — as  a  source  of  illumination.  The  practical  application 
of  this  discharge  to  a  system  of  lighting  has  involved  a  large  amount 


Fig.  29.     wiring  Diagram.    Two  H  Automatic  Lamps  tta  Series. 

of  con.sistent  research  on  the  part  of  the  inventor  and  it  has  now  been 
brought  to  such  a  stage  that  .several  installations  have  been  made. 
ITie  system  has  many  interesting  features. 

In  the  normal  method  of  in.stallation,  a  glass  tube  1 J  inches  in 
diameter  is  made  up  by  connecting  standard  lengths  of  glass  tubing 
together  until  the  total  desired  length  is  reached,  and  this  continuous 
tube,  which  forms  the  source  of  light  when  in  operation,  is  mounted 
in  the  desiretl  position  with  respect  to  the  plane  of  illumination.  In 
many  cases  the  tulx?  forms  a  large  rectangle  mounte<l  just  beneath 
the  ceiling  of  the  room  to  lie  lightetl.  'ITie  tuln?  may  l)e  of  any  reason- 
able length,  actual  values  running  from  40  to  220  feet.     In  order  to 
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provide  an  electrical  discharge  through  this  tube  it  is  customary  to 
lead  both  ends  of  the  tube  to  the  high  tension  terminals  of  a  trans- 
former, the  low  tension  side  of  which  may  be  connected  to  the  alter- 
nating-current lighting  mains.  This  transformer  is  constructed  so 
that  the  high  tension  terminals  are  not  exposed  and  the  current  is 
led  into  the  tube  by  means  of  platinum  wires  attached  to  carbon 
electrodes.  The  electrodes  are  about  eight  inches  in  length.  The 
ends  of  the  tube  and  the  high  tension  terminals  are  enclosed  in  a  steel 
casing  so  as  to  effectually  prevent  anything  from  coming  in  contact 
with  the  high  potential  of  the  system.     As  stated,  the  low  tension  side 

of  the  trans- 
former is  con- 
nected to  the 
usual  60-cycle 
lighting  mains. 
If  direct  current 
is  used  for  distribution,  a  motor- 
generator  set  for  furnishing  alter- 
nating current  to  the  primary  of 
the  transformer  is  required.  Any 
frequency  from  60  cycles  up  is 
suitable  for  the  operation  of  these 
tubes.  At  lower  frequencies  there 
is  some  appreciable  variation  of 
the  light  emitted.  One  other  de- 
vice is  necessary  for  the  suitable 
operation  of  this  form  of  light  and 
this  is  known  as  the  regulator.  In  order  to  maintain  a  constant  pres- 
sure inside  the  tube,  and  such  a  constant  pressure  is  necessary  for 
its  satisfactory  operation,  there  must  be  some  automatic  device  which 
will  allow  a  small  amount  of  gas  to  enter  the  tube  at  intervals  while 
it  is  in  operation.  The  regulator  accomplishes  this  purpose.  Fig. 
30  shows  a  diagram  of  the  very  simple  connections  of  the  system  and 
gives  the  relative  positions  occupied  by  the  transformer,  tube,  and  regu- 
lator. Fig.  31  gives  an  enlarged  view  of  the  regulator,  a  description 
of  which  and  its  method  of  operation  is  given  as  follows: 

A  piece  of  J-inch  glass  tubing  is  supported  vertically  and  its  bottom  end 
is  contracted  into  a  J -inch-  glass  tube  which  extends  to  the  main  lighting  tube. 


Fig.    30.      Diagram     Showing    Essential 
Features  of  the  Moore  Light.     1 .  Light- 
ing Tube;    2.    Transformer    Case; 
3.  Lamp  Terminals;    4.  Trans- 
former ;  5,  G,  7,  8,  Regulators. 
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At  the  |x)int  nf  contraction  at  the  bottom  of  the  2-inch  tube  there  iff  aealMl 
by  nieans  of  ct'iucnl  a  J -inch  carlmn  phi;^,  thr  i»«)n»»«ity  of  which  is  not  |(reat 
enough  to  allow  nn-rrury  to  percolate  through  it  but  which  will  |M*miit  purfl 
easily  to  paMs,  <luc  to  the  hi^h  vacuum  of  the 
lighting  tulHf  connected  to  the  h>wer  end  of  the 
plug,  and  approximat4*ly  atmoHfiheric  premure 
al>ove  it.  This  carbon  plug  in  normally  com- 
pletely covered  with  what  would  correspond  to 
a  thimbleful  of  mercurj'  wliich  simply  s^eaU  the 
pores  of  the  carbon  [>hig,  and  therefore  has 
nothing  whatever  to  do  with  the  conducting 
prop«'rtie8  of  the  gas  in  the  main  tulx*  which 
produces  the  light.  Partly  immersi'il  in  the 
mercury  ami  concentric  with  the  carbon  plug, 
is  another  smaller  and  movable  glass  tube,  the 
upper  end  of  which  is  fdled  with  .soft  iron  wire, 
which  acts  as  the  core  of  a  small  solenoicl  con- 
necte«l  in  series  with  the  transformer.  The 
action  of  the  solenoid  is  to  lift  the  concentric 
glass  tul>e  |)artly  out  of  the  mercury,  the  sur- 
face of  which  falls  and  thereby  causes  the 
minute  tip  of  the  conical  shaped  carbon  plug 
to  be  slightly  exposed  for  a  second  or  two. 

Thi.s  expo-surt*  is  .sufficient  to  allow 
a  small  amount  of  gas  to  enter  the  tube, 
the  current  increase.s  .slightly,  and  the 
carlx)n  plug  is  again  seale<l.  The  process 
above  described  takes  place  at  intervals 
of  al)out  one  minute  when  the  tube  is  in 
operation. 

The  color  of  the  light  emitted  by  the 
tube  depends  upon  the  gas  used  in  it. 
The  n^gulator  is  fitted  with  some  chem- 
ical arrangement  whereby  the  proper  gas 
is  admitte<l  to  it  when  the  tube  is  in  opeia- 
tion.  Nitrogen  is  employetl  when  the  tuljc 
gives  the  highest  efficiency  and  the  light 
emittecl  when  this  gjis  is  u.sed  is  yellowish 
in  color.  Air  gives  a  pink  appearance  to 
the  tube  and  carlH>n  dio.xide  is  employed  when  a  white  light  is  desire*!. 

Table  IX  gives  gi«neral  data  on  the  Moore  IuIk*  light.  The 
advantages  claimed  for  this  light  an":  High  efficiency,  good  color,  bimI 
low  intrinsic  brilliancy. 


Fig.  3J.     Uc^Iatltif;  Valve. 
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TABLE  IX 
Data  on  the  Moore  Tube  Light 


Length  of 
Tube 

Transformer 
Capacity 

Power  Factor 
OF  Circuit 

Voltage  at  Lamp  Terminals 

40-70  ft. 

80-125" 
130-180  " 
190-220  " 

2        kw. 
2.75  " 
8,5     " 
4.5     " 

65-84% 

3,146  for   40-ft.   tube,    at. 
12  hefners  per  ft. 

12,441  for  220-ft.  tube,  at 
12  hefners  per  ft. 

Pressure  in  tube,  about  ,^,  m.m. 

Watts  per  hefner.  3.2  for    20-foot  tube  including  transformer. 

Watts  per  hefner.  1.4  for  180-foot  tube  including  transformer. 

Hefner  per  foot,  normal,  12. 

Note  that  one  hefnei'  equals  0.88  candle-power. 

ARC  LAMPS 

The  Electric  Arc.  Suppose  two  carbon  rods  are  connected  in 
an  electric  circuit,  and  the  circuit  closed  by  touching  the  tips  of  these 
rods  together;  on  separating  the  carbons  again  the  circuit  will  not 
be  broken,  provided  the  space  between  the  carbons  be  not  too  great, 

but  will  be  maintained  through  the  arc 
Jui.yivB^^l^gW^^^-."    . ,        formed  at  these  points.     This  phenom- 
enon,  which  is  the  basis  of  the  arc 
light,  was  first  observed  on  a  large  scale 
Davy,  who  used  a 
cells  and  produced  an 
arc  between  charcoal  points  four  inches 
apart. 

As  the  incandescence  of  the  carbons 
across  which  an  arc  is  maintained,  to- 
gether with  the  arc  itself,  forms  the 
source  of  light  for  a  large  portion  of  arc 
lamps,  it  will  be  well  to  study  the 
nature  of  the  arc.  Fig.  32  shows  the 
general  appearance  of  an  arc  between  two  carbon  electrodes  when 
maintained  by  direct  current. 


•r-::.^:''W^^W^fMS- ■-'■■'  ■'  ■■'  "5'ii^j  was  nrsi  oDser 

:■''■:  ■■'■:-:Wp^^m^ii'^'-^'^-''  ^  Humphrey 

**^:-i-  'S&  SKf^?-}"^"  battery  of  2,000  eel 

•  ahv-;::.'*?".  .'.vv'fv.?:;..--".  arc  between  charcoa 


Fig.  32. 


The  Electric  Arc  between 
Carbon  Terminals. 
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Here  the  current  is  assumed  as  passing  from  the  t©p  carbon  to 
the  bottom  one  as  indicated  by  the  arrow  and  signs.  We  find,  in  the 
direct-current  arc,  that  the  most  of  the  light  issues  from  the  tip  of  the 
positive  carbon,  or  electrode,  antl  this  j)ortion  is  known  as  the  crater 
of  the  arc.  This  crater  has  a  temperature  of  from  3,0()0°  to  3,500°  C, 
the  temperature  at  which  the  carlx)n  vaporizes,  and  gives  fully  80  to 
85%  of  the  light  furnished  by  the  arc.  The  negative  carlxju  l)ecomes 
pointed  at  the  same  time  thai  thr  |)ositive  one  is  hollowe<l  out  to  form 
the  crater,  and  it  is  also  incandescent  but  not  to  as  great  a  degree  as 
the  positive  carbon.  Between  the  electrodes  there  is  a  band  of  violet 
light,  the  arc  jyropcr,  and  this 
is  surrounde<l  by  a  luminous 
zone  of  a  golden  yellow  color. 
The  arc  proper  does  not  fur- 
nish more  than  5%  of  the  light 
emitted  when  pure  carbon 
electrodes  are  used. 

The  carbons  are  worn 
away  or  consumed  by  the 
passage  of  the  current,  the 
positive  carbon  being  con- 
sumed about  twice  as  rapidly 
as  the  negative. 

The  light  distribution 
cur^'e  of  a  direct-current  arc,  ^'k-  33. 
taken  in  a  vertical  plane,  is 
shown  in  Fig.  33.  Here  it  is  seen  that  the  maximum  amount  of  light 
is  given  off  at  an  angle  of  about  50°  from  the  vertical,  the  negative 
carlx)n  shutting  off  the  rays  of  light  that  are  thrown  directly  down- 
ward from  the  crater. 

If  alternating  current  is  use<l,  the  up|X'r  carlwn  Ix'comes  positive 
and  negative  alternately,  and  there  is  no  chance  for  a  crater  to  l)e 
formed,  lH)th  carlnins  giving  off  the  same  amount  of  light  and  being 
consumed  at  about  the  same  rate.  The  light  distribution  curve  of 
an  altcrttating-currcnl  arc  is  shown  in  Fig.  34. 

Arc-Lamp  Mechanisms.  In  a  practical  lamp  we  must  have  not 
only  a  pair  of  carlwns  for  protlucing  the  arc,  but  also  means  for  sup- 
porting these  carbons,  together  with  suitable  arrangements  for  leading 


Distribution  Curve  for  D.  C.  Arc 
Lamp  (Vertical  Plane). 
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the  current  to  them  and  for  maintaining  them  at  the  proper  distance 
apart.  The  carbons  are  kept  separated  the  proper  distance  by  the 
oj)erating  mechanisms  which  must  perform  the  following  functions: 

1.  The  carbons  must  be  in  contact,  or  be  brought  into  contact,  to  start 
the  arc  when  the  curreht  first  flows. 

2.  They  must  be  separated  at  the  right  distance  to  form  a  proper  arc 
immediately  afterward. 


Fig.  34.     Distribution  Curve  for  A.  C.  Arc  I^amp  (Vertical  Plane). 

3.  The  carbons  must  be  fed  to  the  arc  as  they  are  consumed. 

4.  The  circuit  should  be  open  or  closed  when  the  carbons  are  entirely 
consumed,  depending  on  the  method  of  power  distribution. 

The  feeding  of  the  carbons  may  be  done  by  hand,  as  is  the  case 
in  some  stera^pticons  using  an  arc,  but  for  ordinary  illumination  the 
striking  and  maintaining  of  the  arc  must  lie  automatic.  It  is  made 
so  in  all  cases  by  means  of  .solenoids  acting  against  the  force  of  gravity 
or  against  springs.    There  ate  an  endless  number  of  such  mechanisms, 
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hilt  a  few  only  will  Ik'  (h'scriUil  lion-.     Tin')'  may  Ik-  roughly  tlivuled 
into  thrtH*  clanst's: 

1.  Shunt  niooliiiniMinH. 

2.  .S«^rios  iiu'cltaiiiHinH. 

3.  DifTcrential  incchanismii. 

Shunt  Mechatiisms.  In  shunt  lamps,  the  (-arl)<)n.s  are  held  apart 
before  tiie  currtMit  is  turntHl  on,  an«J  the  eireuit  is  cIos^hI  thniMgh  a 
solenoid  connectwl  in  acrass  the 
gap  so  forme<l.  All  of  the  (iir- 
rent  must  pass  through  this  coil 
at  first,  an«l  tlie  plunger  of  the 
solenoid  is  armnged  to  draw  the 
carbons  together,  thus  starting 
the  arc.  The  pull  of  the  solenoid 
and  that  of  the  springs  are  ad- 
justed to  maintain  the  arc  at  its 
proper  length. 

Such  lamps  have  the  disad- 
vantage of  a  high  resistance  at 
the  start — 150  ohms  or  more — 
and  are  difficult  to  start  on  series 
circuits,  due  to  the  high  voltage 
n'cjuinHl.  They  tend  to  maintain 
a  constant  voltage  at  the  arc,  but 
do  not  aid  the  dynamo  in  its 
regulation,  so  that  the  arcs  are 
liable  to  be  a  little  unstea<ly. 

Series  }fechan{sms.  With 
the  series-lamp  mechanism,  the 
carbons  are  together  when  the  lamp  is  first  started  and  the  current, 
flowing  in  the  series  coil,  separates  the  electnxles,  striking  the  arc. 
NNTien  the  arc  is  too  long,  the  resistance  Is  increasetl  and  the  current 
loweretl  so  that  the  pull  of  the  solenoid  is  weakened  and  the  carlxms 
feed  together.  This  type  of  lamp  can  be  used  only  on  constant- 
potential  systems. 

F'ig.  ST)  shows  a  diagram  of  the  connectitm  of  such  a  lamp.  This 
diagram  is  illustrative  of  the  connection  of  one  of  the  lam|)s  manu- 
factured by  the  Western  Electric  Company,  for  use  on  a  direct-current. 
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Series  Met-hanism  for  D.  C. 
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constant-potential  system.  The  symbols  +  and  -  refer  to  the  termi- 
nals of  the  lamp,  and  the  lamp  must  be  so  connected  that  the  current 
flows  from  the  top  carbon  to  the  bottom  one.  Risa  series  resistance, 
adjustable  for  different  voltages  by  means  of  the  shunt  G.  F  and  D 
are  the  controlling  solenoids  connected  in  series  with  the  arc.  B  and 
C  are  the  positive  and  negative  carbons  respectively,  while  A  is  the 
switch  for  turning  the  current  on  and  off.     //  is  the  plunger  of  the 

solenoids  and  /  the  carbon  clutch, 
***  ^       this   being  what   is   known   as   a 

carbon-feed  lamp.  The  carbons 
are  together  when  A  is  first  closed, 
the  current  is  excessive,  and  the 
plunger  is  drawn  up  into  the  so- 
lenoids, lifting  the  carbon.  B  until 
the  resistance  of  the  arc  lowers  the 
current  to  such  a  value  that  the 
pull  of  the  solenoid  just  counter- 
balances the  weight  of  the  plunger 
and  carbon.  G  must  be  so  adjusted 
that  this  point  is  reached  when  the 
arc  is  at  its  normal  length. 

Differential  Mechaiiisms.  In 
the  differential  lamp,  the  series  and 
shunt  mechanisms  are  combined, 
the  carbons  being  together  at  the 
start,  and  the  series  coil  arranged 
so  as  to  separate  them  while  the 
shunt  coil  is  connected  across  the 
arc,  as  before,  to  prevent  the  carbons  from  being  drawn  too  far  apart. 
This  lamp  operates  only  over  a  low-current  range,  but  it  tends  to  aid 
the  generator  in  its  regulation. 

Fig.  36  shows  a  lamp  having  a  differential  control,  this  also  being 
the  diagram  of  a  Western  Electric  Company  arc  lamp  for  a  direct- 
current,  constant-potential  system.  Here  S  represents  the  shunt  coil 
and  M  the  series  coil,  the  armature  of  the  two  magnets  A  and  A'  being 
attached  to  a  bell-crank,  pivoted  at  B,  and  attached  to  the  carbon 
clutch  C.  The  pull  of  coil  S  tends  to  lower  the  carbon  while  that  of 
M  raises  the  carbon,  and  the  two  are  so  adjusted  that  equilibrium  is 


Fig.  36. 


Differential  Me<rhanism  for 
I).  C.  Arc  Lamp. 


140 


RI^ECTUIC  LiCiilTlNG 


37 


reached  when  the  are  is  of  the  proper  lenjjlh.  AH  of  the  lamps  are 
fitted  with  an  air  da.shpot,  or  some  (hirnpiiig  device,  to  prevent  too 
rapid  movements  of  the  working  jmrts. 

The  methotls  of  siip{)orting  the  carbons  and  feeding  tliem  to 
the  arc  may  be  divided  into  two  cksses: 

1.  Roil-fccd  mochanisin. 

2.  Carbon-fee«l  inechaiiuim. 

Rod-Feed  Mechanism. 
Lamps  using  a  rod  feed  have 
tlie  upper  carbons  supporte<l 
by  a  c-onducting  rod,  and  the 
regulating  mechanism  acts  on 
this  rod,  the  current  being  fed 
to  the  rod  by  means  of  a  sliding 
contact.  Fig.  37  shows  the  ar- 
rangement of  this  t)f>e  of  feed. 
The  rod  is  shown  at  R,  the 
sliding  contact  at  B,  and  the 
carbon  is  attached  to  the  rod 
atC. 

These  lamps  have  the  ad- 
vantage that  carbons,  which 
do  not  have  a  uniform  crass- 
section  or  smooth  exterior,  may 
be  used,  but  they  possess  the 
disadvantage  of  being  very 
long  in  order  to  accommodate 
the  rod.  The  rod  must  also  be 
kept  clean  so  as  to  make  a 
good  contact  with  the  brush. 

Carbon-Feed  Mechanism.  In  carl)on-feed  lamps  the  contntlling 
mechanism  acts  on  the  carlxjns  dire<'tly  through  some  form  of  clutch 
such  as  is  shown  at  C  in  Fig.  38.  This  clamp  grips  the  carbon  when 
it  is  lifted,  but  allows  the  carbon  to  slip  through  it  when  the  tension 
is  released.  For  this  type  of  feed  the  carlxjn  must  be  straight  and 
have  a  uniform  cross-section  as  well  as  a  smooth  exterior.  The 
current  may  Ik*  le<l  to  the  carbon  by  means  of  a  flexible  lead  and  a 
short  carbon  holder. 


Fig.  37.     Kwl-Feeil   Mechanism. 
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TYPES  OF  ARC  LAMPS 

Arc  lamps 'are  constructed  to  operate  on  direct-current  or  alter- 
nating-current systems  when  connected  in  series  or  in  multiple.  They 
are  also  made  in  both  the  open  and  the  enclosed  forms. 

By  an  open  arc  is  meant  an  arc  lamp  in  which  the  arc  is  exposed 
to  the  atmosphere,  while  in  the  enclosed  arc  an  inner  or  enclosing 


Pig.  38.    Enclosed  Arc  Lamp  with  Carbon  Feed  Mechanism. 

globe  surrounds  the  arc,  and  this  globe  is  covered  with  a  cap  which 
renders  it  nearly  air-tight.  Fig.  38  is  a  good  example  of  an  enclosed 
arc  as  manufactured  by  the  General  Electric  Company. 

Direct=Current  Arcs.  Open  Types  of  Arcs  for  direct-current 
systems  were  the  first  to  be  used  to  any  great  extent.  ^Vhen  used 
they  are  always  connected  in  series,  and  are  run  from  some  form  of 
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sptrial  arc  machine,  a  description  of  wliich  may  ^x*  found  in  **Types 
of  Dynamo  Electric  Machinery." 

Eacli  hunp  rcfjuires  in  the  nei^hl)orhoo(l  of  50  voIlh  for  its  opera- 
tion, anti,  since  the  himps  are  ct>nnecte<l  in  series,  the  voltage  of  the 
system  will  depend  on  the  mimU'r  of  lam|xs;  therefore,  tlie  number 
of  lamps  that  may  be  connected  to  one  machine  b  limited  by  the 
maximum  allowable  volta^'e  on  that  machine.  By  sp)ecial  construction 
as  many  as  125  lamps  are  run  fn>m  one  machine,  but  *ven  this  size 
of  generator  is  not  so  efficient  as  one  of  greater  capacity.  Such  gen- 
erators are  usually  wound  for  G.G  or  9.G  amperes.  Since  the  carljons 
are  exposed  to  the  air  at  the  arc,  they  are  rapidly  consumed,  requiring 
that  they  be  renewetl  daily  for  this  t\'pe  of  lamp. 

Double-carbon  arcs.  In  order  to  increase  the  life  of  the  early 
form  of  arc  lamp  without  using  too  long  a  carlK)n,  the  double-carlx)n 
type  was  introducetl.  This  type  uses  two  sets  of  carbons,  Ixith  sets 
l)cing  fed  by  one  mechanism  so  arrange*!  that  when  one  pair  of  the  elec- 
trodes is  consumed  the  other  is  put  into  service.  At  present  nearly 
all  forms  of  the  open  arc  lamp  have  disappeared  on  account  of  the 
l)etter  st'r\'ite  ren<lere«l  by  the  enclosed  arc. 

Enclosed  arcs  for  series  systems  are  constructed  much  the  same 
as  the  ()jK*n  lamp,  and  are  controlled  by  either  shunt  or  differential 
mi*chanism.  They  retjuire  a  voltiige  from  G8  to  75  at  the  arc,  and  are 
usually  constructed  for  from  5  to  (5.8  am|X'res.  They  also  require  a 
c-onstant-current  generator  or  a  rectifier  outfit  if  used  on  alternating- 
current  circuits. 

Constant-potential  arcs  must  have  some  resistance  connected  in 
series  with  them  to  keep  the  voltage  at  the  arc  at  its  proper  value. 
This  resistance  is  made  adjustable  so  that  the  lamps  may  be  used  on 
any  circuit.  Its  location  is  clearly  shown  in  Fig.  38,  one  coil  being 
located  al)ove,  the  other  below  the  operating  solenoids. 

Alternating-Current  Arcs.  Tliese  do  not  differ  greatly  in  con- 
stniction  from  the  direct-<urrent  arcs,  ^^^len  iron  or  other  metal 
parts  are  used  in  the  controlling  mechanism,  they  must  be  laminated 
or  so  constructed  as  to  keep  down  induced  or  eddy  currents  which 
•might  be  set  up  in  them.  For  this  n*ason  the  metal  spools,  on  which 
the  solenoiils  an*  wound,  an*  slottetl  at  «mie  |H)int  to  prevent  them 
fn>ni  forming  a  cl<Kse<l  strondary  to  the*  primary  formed  by  the  solen- 
oid winding.    On  constant-jmtential  circuits  a  reactive  cx)il  is  used 
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in  place  of  a  part  of  the  resistance  for  cutting  down  the  voltage  at  the 
arc. 

Interchangeable  Arc.  Interchangeable  arcs  are  manufactured 
which  may  be  readily  adjusted  so  as  to  operate  on  cither  direct  or 
alternating  current,  and  on  voltages  from  110  to  220.  Two  lamps 
may  be  run  in  series  on  220-volt  circuits. 

The  distribution  of  light,  and  the  resulting  illumination  for  the 
different  larrtps  just  considered,  will  be  taken  up  later.  Aside  from 
the  distribution  and  quality  of  light,  the  enclosed  arc  has  the  advan- 
tage that  the  carbons  are  not  consumed  so  rapidly  as  in  the  open  lamp 
because  the  oxygen  is  soon  exhausted  from  the  inner  globe  and  the 
combustion  of  the  carbon  is  greatly  decreased.  They  will  burn 
from  80  to  100  hours  without  retrimming. 

TABLE  X 
Rating  of  Enclosed  Arcs 


Watts  Consumed 

Mran   Intensity 
IN   H.  U. 

Mean  Watts 

Spherical 

a. 

a 
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Si5 
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O 

< 
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< 
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OO 

n 
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Q 
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S8 

■A 
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OO 
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OO 

Clear 
Outer 

' 
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1.66 

1 

5.01 

651 
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150 
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256* 

362* 

3.10 

2.18* 

1  .52* 

3 

5.08 

559 

406 

252 

195 

216 

282 

2.85 

2.60 

1.99 

4 

4.76 

524 

381 

143 

127 

139 

208 

4.12 

3.76 

2.52 

5 

4.16t 

458 

333 

125 

154 

174 

221 

2.96 

2.63 

2.07 

7 

4.76 

624 

381 

143 

203 

333 

317 

2.63 

2.20 

1.65 

9 

4.84 

532 

387 

145 

182 

226 

281 

2.83 

2.38 

1.89 

10 

4.99 

649 

399 

150 

202 

242 

309 

2.74 

2.24 

1  .77 

12 

4.87 

536 

300 

146 

178 

195 

230 

3.05 

2.66 

2.33 

Msan 

4.9 

529 
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176 
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3.03 

2.60 

1.98 

a 
< 

Z 

at 
a 

B. 

a 
•< 

z 
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< 

0  ■<  tt 

S 

s 

< 

o 

a 

<! 

O 
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HH 
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S 

101 

6.40 
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.63 
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.82 
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3.52 

3.17 
2.26 

2.17 
1.94 
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6.79 

459 

.61 

375 

.73 

84 

146 

176t 

226t 

3.31 

2.60t 

1.72t 
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5.8S 

424 

.65 

344 

.75 

80 

116 

130 

147 

3  66 

3.15 

2.S8 

105 

6.20 

414 

.61 

382 

.80 

32 

128 

187 
153 

219 
169 

3.24 

2.20 
2.56 

1.89 
2.23 

106 

6.12 

378 

.56 

298 

.70 

80 

132 

182t 

284 

2.82 

2.19t 

1.48t 

108 

6.4Ji 

457 

.64 

383 

.80 

74.5 

133 

175 

211 

3  20 

2.61 

2.16 

110 

6.1? 

339 

.49 

276 

.72 

63 

140* 

126 

143 

2.41* 

2.68 

2.37 

Mean 

6.29 

417 

.60 

342 

.76 

74.5 

130 

159 

190 

3.31 

2  66 

2.23 

♦Condition  of  no  oute."  glo»)e.     tCondition  with  shade  on  lamp.    H.U.  Hefner  Units. 


Rating  of  Arc  Lamps. 

follows: 


Open  arcs  have  been  classified  as 
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Full  Arcs,  2,000  candle-power  taking  9  5  to  10  amps,  or  450-480  watts. 
Half  Arcs,  1,200  candle-power  taking  6.5  to  7  amps,  or  325-350  watts. 

These  caniUo-power  ratings  are  much  Uk)  hijjh,  and  run  more 
nearly  1,2(K)  and  7(K),  n'.s|HH-tively,  for  the  jM)int  of  ma.xirnuin  intensity 
and  K'ss  than  this  if  the  mean  .spherical  eaiKlle-ixjwer  Ik*  taken.  For 
this  reason,  the  ampere  or  watt  rating  is  now  used  to  indicate  the 
power  of  the  himp.  It  i.s  now  reeoinmendetl  that  speeifieatioas  for 
street  lighting  .should  be  ha.se<l  u|H)n  the  illumination  pnxlueed.  ,  This 
point  i.s  eonsidere<l  later  under  the  topic  of  street  lighting.  Enclo.scd 
arcs  use  from  3  to  6.5  amperes,  but  the  voltage  at  the  arc  is  higher 
than  for  the  open  lamp.  Table  X  gives  some  data  on  enclosed  arcs 
on  con.staiit-j>otential  circuit.s. 

Efficiency.    The  efficiency  o!"  arc  lamps  is  given  as  follows: 

Direct-Current  Arc  (enclosed)  2.9  watts  per  candle-power. 
Alternating-Current  Arc  (enclosed)  2.95  watt.s  per  candle-power. 
Direct-Current  Arc  (open)  .6-1.25  watts  per  candle-power. 

Carbons  for  Arc  Lamps.  Carbons  are  either  moulded  or  forced 
from  a  product  known  as  petroleum  coke  or  from  similar  materials 
such  as  lampblack.  The  material  is  thoroughly  dried  by  heating  to  a 
high  temjjeniture,  then  ground  to  a  find  j)owder,  and  combineil  with 
some  substance  such  as  pitch  which  binds  the  fine  particles  of  carbon 
together.  After  this  mi.xture  is  agjiin  ground  it  is  ready  for  moulding. 
The  powder  is  put  in  steel  moulds  and  heatetl  until  i^  tiikes  the  form 
of  a  paste,  when  the  necessary  pressure  is  applie<l  to  the  moulds.  For 
the  forced  carbons,  the  powder  is  formed  into  cylinders  which  are 
placed  in  machines  which  force  the  material  through  a  die  so  arranged 
as  to  give  the  desiretl  tliameter.  The  forcetl  carlwns  are  often  made 
with  a  core  of  some  special  material,  this  core  being  added  after  the 
carbon  proper  has  lieen  finished.  The  carbons,  whether  moulded 
or  f(jrced,  must  be  carefully  baked  to  drive  off  all  volatile  matter. 
The  forcetl  carlwn  is  always  more  uniform  in  quality  and  cro.ss- 
section,  and  is  the  type  of  carbon  which  must  be  use<l  in  the  carbon- 
feed  lamp.  The  adding  of  a  core  of  a  different  material  seems  to 
change  the  quality  of  light,  and  lMMn<;  more  rea«lily  volatilizetl,  keeps 
the  are  from  wandering. 

Plating  of  carlnms  with  copjKT  is  sometimes  resortetl  to  for 
moulde<l  forms  for  the  puqxvse  of  increasing  the  conductivity,  and, 
by  protecting  tlie  carbon  near  tlie  arc,  prolonging  the  life. 
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The  Flaming  Arc.  In  the  carbon  arc  the  arc  proper  gives  out 
but  a  small  percentage  of  the  total  amount  of  light  emitted.  In  order 
to  obtain  a  light  in  which  more  of  the  source  of  luminosity  is  in  the 
arc  itself,  experiments  have  been  made  with  the  use  of  electrodes  im- 
pregnated with  certain  salts,  as  well  as  with  electrodes  of  a  material 
different  than  carbon.  The  result  of  these  experiments  has  been  to 
place  upon  the  market  the  flaming  arc  lamps  and  the  luminous  arc 
lamps — lamps  of  high  candle-power,  good  efficiency,  and  giving  vari- 
ous colors  of  light.  These  lamps  may  be  put  in  two  classes :  One  class 
uses  carbon  electrodes,  these  electrodes  being  impregnated  with  certain 

salts  which  add  luminosity  to  the 
arc,  or  else  fitted  with  cores  which 
contain  the  required  material; 
the  other  class  covering  lamps 
which  do  not  employ  carbon,  the 
most  notable  example  being  the 
magnetite  arc  which  uses  a  copper 
segment  as  one  electrode  and  a 
magnetite  stick  as  the  other 
electrode. 

Flaming  arcs  of  the  first  class 
are  made  in  two  general  types: 
One  in  which  the  electrodes  are 
placed  at  an  angle,  and  the  other  in  which  the  carbons  are  placed 
one  above  the  other  as  in  the  ordinary  arc  lamp.  The  term  lumi- 
nous arc  is  usually  applied  to  arcs  of  the  flaming  type  in  which  the 
electrodes  are  placed  one  above  the  other.  The  minor  modifications 
as  introduced  by  the  various  manufacturers  are  numerous  and  include 
such  features  as  a  magazine  supply  of  electrodes  by  which  a  new  pair 
may  be  automatically  introduced  when  one  pair  is  consumed;  feed 
and  control  mechanisms;  etc.  The  flaming  arc  presents  a  special 
problem  since  the  vapors  given  off  by  the  lamp  may  condense  on  the 
glassware  and  form  a  partially  opaque  coating,  or  they  may  interfere 
with  the  control  mechanism. 

Bremer  Arc.  The  Bremer  flaming  arc  lamp  was  introduced 
commercially  in  1890,  and  since  some  of  its  principles  are  incorporated 
in  many  of  the  lamps  on  the  market  to-day,  it  will  be  briefly  described 
Here.     The  diagram  shown  in  Fig.  39  illustrates  the  main  features  of 
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Fig.  39.     Diagram  of  Bremer  Flammg  Arc. 
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this  lamp.  The  electrodes  arc  muuiitetl  at  an  angle  and  an  electro- 
magnet is  placed  aUive  the  arc  for  the  purpose  of  keeping  the  arc  from 
creeping  up  and  injuring  the  economizer,  and  al.so  for  the  purpose  of 
spreading  the  arc  out  and  increasing  its  surface.  'Hie  vapor  from 
the  arc  is  condenseil  on  the  wonomizer  ami  this  coating  acts  as  a  re- 
flector, throwing  the  light  downwanl.  The  economizer  serves  to 
limit  the  air  supplinl  to  the  arc  and  thus  increases  the  life  of  the  elec- 
trodes. The  inclined  jxxsition  of  the  carlxins  was  suggeste<l  by  the 
fact  that  in  the  impregnateil  carbons  a  slag  was  forme<l  which  gave 
trouble  when  the  electrodes  were  mounted  in  the  usual  manner.  By 
using  the  clcctro<lcs  in 
this  position  there  is  little 
if  any  obstruction  to  the 
light  which  passes  di- 
'  rcctly  downward  from 
the  arc. 

Bremer's  original 
electrodes  contained 
com{K)unds  of  calcium, 
strontium,  magnesium, 
etc.,  as  well  as  Ixjratic 
acid.  Electnxles  as  em- 
ployed in  the  various 
lamps  to-day  tliffcr 
greatly  in  their  make-up. 
Some    use    impregnated 

carbons,  others  use  carlxjns  with  a  core  containing  the  flaming  ma- 
terials, and  metallic  wires  are  added  in  some  cases.  The  life  of 
electrodes  for  flaming  lamps  is  not  great,  depending  upon  their  length 
and  somewhat  u|M)n  the  type  of  lamp.  The  maximum  life  of  the 
treated  carbons  is  in  the  neighborhood  of  20  hours. 

The  color  of  the  light  from  the  flaming  arc  is  yellow  when  cal- 
cium salts  are  used  as  the  main  impregnating  compound,  and  the 
majority  of  the  lamps  instalkt]  use  electrtKles  giving  a  yellow  light 
By  employing  more  strontium,  a  red  or  pink  light  is  pro<luce<l,  while 
if  a  white  light  is  wante<l,  barium  salts  are  use<l.  Calcium  gives  the 
most  efficient  ser>ice  and  stnxitium  comes  U'tween  this  and  barium. 
The  distribution  curves  in  Fig.  40  illustrate  the  relative  economies 
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DistributioD  Curves  of  a  Luminoua  Arc. 
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of  the  diflferent  materials.  Modern  electrodes  contain  not  more  than 
15%  of  added  material  and  it  is  customary  to  find  the  salts  'applied 
as  a  core  to  the  pure  carbon  sticks.  The  electrodes  are  made  of  a 
small  diameter  in  order  to  maintain  a  steady  light  and  this  partially 
accounts  for  their  short  life. 

The  feeding  nipchanisms  employed  differ  greatly.  They  may  be 
classified  as:  Clock,  gravity-feed,  clutch,  motor,  and  hot-wire  mech- 
anisms. Fig.  41  illustrates  a  clock  mechanism.  This  is  a  dif- 
ferential mechanism  in  which  the 
shunt  coils  act  to  release  a  detent  / 
which  allows  the  electrodes  to  feed 
down  and  when  they  come  in  con- 
tact the  series  coils  separate  them 
to  the  proper  extent  for  maintaining 
a  suitable  arc.  In  the  gravity  feed 
an  electromagnet  is  used  to  operate 
one  carbon  in  springing  the  arc  and 
the  other  carbon  is  fed  by  gravity, 
it  being  prevented  from  dropping 
too  far  by  means  of  a  special  rib 
formed  on  the  electrode  which  comes 
in  contact  with  a  part  of  the  lamp 
structure.  Gravity  feed  is  also  em- 
ployed in  the  clutch  mechanism  but 
here  the  carbons  are  held  in  one 
position  by  an  electrically  operated 
clutch  which  releases  them  only  when 
the  current  is  sufficiently  reduced  by 
the  lengthening  of  the  arc.  In  the 
hot-wire  lamp,  the  wire  is  usually  in  series  with  the  arc;  the  contrac- 
tion and  expansion  of  this  wire  is  balanced  against  a  spring  and  the 
arc  is  regulated  by  such  contraction  or  expansion  of  the  wire.  Such 
a  lamp  is  suitable  for  either  direct  or  alternating  current.  In  the 
motor  mechanism,  as  applied  to  alternating-current  lamps,  a  metallic 
disk  is  actuated  by  differential  magnets  and  its  motion  is  transmitted 
to  the  electrodes  to  lengthen  or  shorten  the  arc  accordingly  as  the 
force  exerted  by  the  series  or  shunt  coils  predominates. 


Fig.  41.    Clock  Feeding  Mechanism  for 
Luminous  Arc  Lamp. 


Magnetite  Arc.     The  magnetite  arc  employs  a  copper  disk  as 
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one  electrode;  and  a  magnetite  stick — formed  by  forcing  magnetite, 
to  which  titanium  salts  are  usually  added,  into  a  thin  sheet  steel  tulx: — 
is  used  as  the  other  electrode.  This  lamp  gives  a  luminous  arc  of 
good  efficiency  and  the  magnetite  electrcxle  is  not  consumed  as  ni[)idly 
as  the  treated  carbons  with  tlic  result  that  magnetite  lum{)s  do  not 
require  trimming  as  frequently.  The  life  of  the  magnetite  electrode 
as  at  present  manufactured  is  from  170  to  200  hours.  A  diagram  of 
the  connections  of  tliis  lamp  as  manufactured  by  the  General  Electric 
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Fig.  42.     Diagram  of  Cknnections  for  3Iagnetite  Arc  LiOinp. 

Company  is  shown  in  Fig.  42.  The  magnetite  electrode  is  placed  be- 
low. The  copper  electrode  has  just  the  proper  dimensions  to  prevent 
its  being  destroyed  by  the  arc  and  yet  it  is  not  lai^  enough  to  cause 
undue  condensation  of  the  arc  vapor.  Direct  current  must  be  used 
with  this  lamp,  the  current  passing  from  tiu*  cop|)er  to  the  magnetite. 
Table  XI  gives  some  genenil  data  on  the  flaming  arc,  while  Figs. 
43  and  44  give  typical  distribution  cur\'es.  Tlie  advantages  of  the 
flaming  arc  over  lamps  using  pure  carlxm  electrodes  are:  High  effi- 
ciency; better  light  distribution;  and  better  color  of  light  for  some 
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purposes.  A  greater  amount  of  light  can  be  obtained  from  a  single 
unit  than  is  practical  with  the  carbon  arc.  The  disadvantages  lie 
in  the  frequent  trimming  required  and  the  expense  of  electrodes. 
Flaming  arcs  have  been  introduced  abroad,  especially  in  Germany, 
to  a  much  greater  extent  than  in  the  United  States. 


TABLE  XI 
General  Data  on  Flaming  Arcs 


Volts 

Amperes 

■  Watts 

Mean  Sphericai, 
Candle-Foweu 

Wattb  per  Mean 
Spherical  c.  p. 

55 

6 

330 

480 

.68 

8 

440 

800 

.55 

10 

550 

1100 

.5 

12 

660 

VSOO 

.5 

15 

825 

1700 

.49 

20 

1100 

2250 

.      .48 

POWER   DISTRIBUTION 

The  question  of  power  distribution  for  electric  lamps  and  other 
appliances  is  taken  up  fully  in  the  section  on  that  subject,  therefore 
it  will  be  treated  very  briefly  here.    The  systems  may  be  divided  into: 

1.  Series  distribution  systems. 

2.  Multiple-series  or  series-multiple  systems. 

3.  Multiple  or  parallel  systems. 

They  apply  to  both  alternating  and  direct  current. 

The  Series  System.  This  is  the  most  simple  of  the  three;  the 
lamps,  as  the  name  indicates,  are  connected  in  series  as  shown  in 
Fig.  45.  A  constant  load  is  necessary  if  a  constant  potential  is  to  be 
used.  If  the  load  is  variable,  a  constant-current  generator,  or  a 
special  regulating  device  is  necessary.  Such  devices  are  constant- 
current  transformers  and  constant-current  regulators  as  applied  to 
alternating-current  circuits. 

The  series  system  is  used  mostly  for  arc  and  incandescent  lamps 
when  applied  to  street  illumination.  Its  advantages  are  simplicity 
and  saving  of  copper.  Its  disadvantages  are  high  voltage,  fixed  by 
the  number  of  lamps  in  series;  the  size  of  the  machines  is  limited 
since  they  cannot  be  insulated  for  voltage  above  about  6,000;  a  single 
open  circuit  shuts  down  the  whole  system. 

Alternating-current  series  distribution  systems  are  being  used  to 
a  very  large  extent.     By  the  aid  of  sptxial  transformers,  or  regulators. 
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any  niiml)er  of  cirfuiLs  can  Ix?  run  from  one  machine  or  set  of  bus  bjirs, 
and  apparatus  can  l)e  Inillt  for  any  voltiij»<»  ami  of  any  size.  It  is  not 
customary,  however,  to  huihl  transformers  of  thb.  type  having  a  capac- 


eo'  75'  9o*  ry  SO' 

FiK   43.     Distribution  t'urve  for  Flaniinfc  Arc  Lonip. 
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ity  greater  than  one  hundred  r),r>-am|x*re  himps  Ix-cause  of  the  liigh 
voltage  whidi  would  have  to  be  induced  in  the  secondary  for  a  larger 
numlxT  of  lamps. 

Fig.  45  gives  a  dia- 
gram of  the  connection 
of  a  single-coil  trans- 
former in  sefN'ice.  Tlie 
constant-current  trans- 
former most  in  use  for 
lighting  purposes  is  the  pcf 
one  manufacture<l  by  the 
General  Electric  Com- 
pany  and   commonly 

known    as    a    illb     trans-  76-\o.t.  MaKuetlte  Lumlnou.  Arc  Lanip.. 

former.  Fig.  40  shows  such  a  transformer  (double-coil  type)  when 
removetl  from  the  case. 

Referring  to  Fig.  4ti,  the  fixed  coils  A  form  the  primaries  which 
are  connectetl  acnxss  the  line;  the  movable  coils  B  are  the  sec*ondaries 
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connected  to  the  lamps.  There  is  a  repulsion  of  the  coils  B  by  the 
coils  A  when  the  current  flows  in  both  circuits  and  this  force  is  bal- 
anced by  means  of  the  weights  at  W,  so  that  the  coils  B  take  a  position 
such  that  the  normal  current  will  flow  in  the  secondary.  On  light 
loads,  a  low  voltage  is  sufficient,  hence  the  secondary  coils  are  close 

together  near  the  middle  of 
the  machine  and  there  is  a 


SECONDARY 
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LAMPS 


LIGHTNING  ARRESTER 
-—090 


CURRENT 
TRANSFORMER 
OMIT  FOR 
25  LIGHTS 

OPEN  CIRCUITING 
PLUG  SWITCHES 


CONSTANT  CURRENT 
TRANSFORMER 


T 


load. 


heavy  magnetic  leakage. 
When  all  of  the  lamps  are 
on,  the  coils  take  the  posi- 
tion shown  when  the  leak- 
age is  a  minimum  and  the 
voltage  a  maximum.  When 
first  starting  up,  the  trans- 
former is  short-circuited  and 
the  secondary  coils  brought 
close  together.  The  short 
circuit  is  then  removed  and 
the  coils  take  a  position 
corresponding  to  the  load 
on  the  line. 

These  transformers  regu-. 
late  from  full  load  to  ^  rated 
load  within  jV  ampere  of 
normal  current,  and  can  be 
run  on  short  circuit  for 
CPRIN4ARY  PLUG  SWITCH  several  hours  without  over- 
I  heating.     The  efficiency  is 

given  as  96%  for  100-light 
transformers  and  94.6%  for 
50-light  transformers  at  full 
The  power  factor  of  the  system  is  from  76  to  78%  on  full 
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PRIMARY 
BACK   VIEW 


Fig.  45 


Wiring  Diagram  for  Single-Coil 
Transformer. 


load,  and,  owing  to  the  great  amount  of  magnetic  leakage  at  less  than 
full  load — the  effect  of  leakage  being  the  same  as  the  effect  of  an  in- 
ductance in  the  primary — the  power  factor  is  gready  reduced,  ialling 
to  62%  at  f  load,  44%  at  ^  load,  and  24%  at  \  load. 

Standard  sizes  are  for  capacities  of  25-,  35-,  50-,  75-,  and  100-6.6 
ampere  enclosed  arcs,  and  they  are  also  made  for  lower  currents  in 
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the  nci^lihorliood  of  3,3  amperes  for  incandescent  lamps.  The  low 
power  factor  of  such  a  system  on  li^lit  loads  shows  that  a  transformer 
should  be  selected  of  such  a  capacity  that  it  will  1m*  fully  or  nearly 
fully  loaded  at  all  times.  The  primary  winding  can  he  constructed 
for  any  voltage  and  the  open  circuit  voltages  of  the  secondaries  are 
as  follows : 


25  light  transformer,  2,300  volts. 


35 
50 


3,200 
4,000 


75  light  transformer,  0,900  volts. 
100     "  "  9,200     " 


The  50-,  75-,  and  100-light  transformers  are  arranged  for  multiple 

circuit  operation,  two  circuits 
used  in  series,  and  the  vol- 
tages at  full  load  reach  4,100 
for  each  circuit  on  the  100-light 
machine. 

The  second  system,  used 
for  series  distribution  on 
alternating-current  circuits 
consists  of  a  constant-potential 
transformer,  stepping  down  the 
line  voltage  to  that  required 
for  the  total  number  of  lamps 
on  the  system,  allowing  83 
volts  for  each  lamp,  and  in 
series  with  the  lamps  is  a 
reactive  coil,  the  reactance  of 
which  is  automatically  regu- 
lated, as  the' load  is  increased 
or  decreased,  in  order  to  keep 
the  current  in  the  line  con- 
stant. Fig.  47  shows  such  a  regulator  and  Fig.  48  shows  this  regu- 
lator connected  in  circuit.  The  inductance  is  varied  by  the  move- 
ment of  the  coil  so  as  to  include  more  or  less  iron  in  the  magnetic 
circuit.  Since  the  inductance  in  series  with  the  lamps  is  high  on  light 
loads,  the  power  factor  is  greatly  reduced  as  in  the  constant-current 
transformer;  and  the  circuits  should,  preferably,  be  run  fully  loaded. 
60  to  65  lamps  on  a  circuit  is  the  usual  maximum  limit. 

While  used  primarily  for  arc-light  circuits,  the  same  systems, 


Fig.  47. 


Current  Regulator  for  A.  C.  Series 
Distribution   Systems. 


164 


e 


ELECTRIC  LIGHTING 


>1 


Accp  aRcurr 


© 


o    o 


SWITCH  PANEL 


ifflfrl  CP.  STEP  UP 
OR  STtPOOVN 
TRANSFORMER 


(le.sif^iu'd  for  lower  currents,  are  ver}*  readily  applied  to  series  iiican- 
dtvscfiit  systfins. 

The  intrtxJuction  of  certiiin  fiainiiig  or  luminous  arcs  requiring 
direct  ciim'nt  for  their  openUion  has  Utl  t;>  th;«  use  of  the  mercury  arc 
rectifier  in  connettion  with  scries  circuits  on  ultcrnatiii^H-urrent 
systems.  A  constant-current  transformer  is  used  to  n-^uiate  for  the 
proper  constant  current  in  its  second- 
ary windinj;,  and  tliis  secondary  current 
is  re<tiric<l  hy  means  of  the  mercury  arc 
rectifier  for  tiie  lamp  circuit.  In  the 
recent  outfits  tlie  rectifier  tuln's  are 
immersed  in  oil  for  c<H)ling.  \Miile 
this  rectifier  was  first  introduced  for 
the  operation  of  luminous  arc  lamps, 
there  is  no  reason  why  it  should  not 
be  used  with  any  series  lamp  requirinjij  kicking, 
dircc-t  current,  pn>vidtxl  the  system  is 
designed  for  the  current  token  by  such 
lamps.  \Vith  this  system  any  commer- 
cial frc(juency  may  l)e  used.  Sets  are 
constructetl  for  2r>-,  50-,  and  75-light 
circuits.  They  have  a  combined  effi- 
ciency, transformer  and  rectifier  tulx?, 
of  Sr)%  to  9()<^,  and  operate  at  a  power 
factor  of  from  G5%  to  70%.  Fig.  49 
gives  a  diagram  of  the  circuit  and 
H'ctificr  connections  usetl  with  a  single-  fik.  as.  WirinK  i^iairrein  showhur  in- 

,  „  Innliw  tloii  of  tlie  Current  Ke*fulat<r. 

tUlK'  outfit. 

Multiple-Scries  or  Series- Multiple  Systems,  lliese  combine 
several  lamps  in  scries,  and  thest-  scries  groups  in  multiple,  or  several 
lamps  in  niultij)le  and  these  multiple  groups  in  series.  rcspe<-tively. 
They  have  but  a  limiteil  application. 

Multiple  or  F'arallel  .Systems  of  Distribution.  By  far  the  largest 
numlxT  of  lamps  in  service  are  connectinl  to  pandlel  systems  of  dis- 
tribution. In  this  system,  the  units  are  conne<te<l  across  the  lines 
leading  to  the  bus  bars  at  the  station,  or  to  the  secondaries  of  con- 
stant-potential transft)riners.  Fig.  .')()  shows  a  «liagram  of  ten  lumps 
connecteil  in  pandlel.     The  current  delivered  by  tlie  machine  de- 
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peiuls  directly  on  tlie  number  of  lamps  connected  in  service,  the  vol- 
tage of  the  system  being  kept  constant. 

Inasmuch  as  the  flow  of  current  in  a  conductor  is  always  accom- 
— , —  panied  by  a  fall 
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Fig.  49. 


of  potential  etjual 
to  the  product  of 
the  current  flow- 
ing into  the  resist- 
ance of  the  con- 
ductor, the  lamps 
at  the  end  of  the 
system  shown 
will  not  have  as 
high  a  voltage 
impressed  upon 
them  as  those 
nearer  the  ma- 
chine.  T  h  i  .s 
drop  in  potential 
i*,"/  is  the  most  seri- 

ous obstacle  that 
we  have  to  over- 

WL-ing  Diagram  for  A.  C.  System  Showing  Introcluc-     come  in  multiple 
tlon  of  Mercury  Arc  Rectifier.  " 
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various  schemes  have  been  adopted  to  aid 
systems  may  be  classified  as: 


m  this 


systems, 
regulation. 


and 
The 


1.  Cylindrical  conductors,  parallel  feeding. 

2.  Conical 

3.  Cylindrical  "  anti-parallel  feeding. 

4.  Conical  "  "  " 

In  the  cylindrical  conductor,  parallel-feeding  system,  the  con- 
ductors, A,  By  C,  D,  Fig.  50,  are  of  the  same  size  throughout  and  are 
fed  at  the  same  end  by  the  generator.  The  voltage  is  a  minimum 
at  the  lamps  E  and  a  maximum  at  the  lamps  F;  the  value  of  the 
voltage  at  any  lamp  being  readily  calculated. 

By  a  conical  or  tapering  conductor  is  meant  a  conductor  whose 
diameter  is  so  proportioned  throughout  its  length  that  the  current, 
divided  by  the  cross-section,  or  the  current  density,  is  a  constant 
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quantity.  Such  a  comhu-tor  is  approxiuiatcd  in  practice  by  using 
smaller  sizes  of  wire  as  the  current  in  the  hues  U-conies  \vss. 

In  an  anti-imraMcl  system,  the  <  nrrent  is  fed  to  the  himps  from 
opjM)site  ends  of  th«'  system,  as  shown  in  Fig.  ')!. 

MuItiple-\\  ire  Systems.  In  order  to  take-  advantage'  of  a  hi^jher 
voltage  for  distrihution  of  |)ower  to  the  lighting  cinuits,  three-  and 
five-wire  systems  have  Ix-en  intn>duc(*d,  the  thn-e-win*  system  lx>ing 
used  to  a  very  large  extent.     In  this  system,  three  conductors  are 


ustnl,  the  voltage  fn)m  each 
outside  conductor  to  the 
middle  neutral  conductor 
iH'ing    tiie   same   as   for   a 

simple  parallel  system.    Fig.  Fig.  50.     Parallel  Fe«ling  .system. 

52  gives  a  diagram  of  this.  ___^^^_^__^^____^____ 

By  this  system  the  amount  0     (J)  (S  (S  (S  (^  (S  6  (S  (S  (S 

of  copper  refjuired  for  a  giv-  j^      TTTTTTTTT_j 
en  nuniln'r  of  lamps  is  from 

five-sixteenths    to    thn-e-  ^^''■^'-     AMti-p;.r.llel  FecMng  system. 

eighths  of  the  amount 
re<piin'<l  for  a  two-wire  dis- 
trihution, depending  on  the 

size  of  the  neutral  con-  fiu.  :..•     TUm-wi.-r  sv»;oin. 

fluctor.     The   saving  of 

copper  together  with  the  disadvantages  of  the  system  is  more  fully 
treated  in  the  papiT  on  "Power  Transmission." 

ILLUMINATION 

Illumination  may  \ye  definetl  as  the  quality  and  quantity  of  light 
which  aids  in  the  di.scrimination  of  outline  and  the  |)erception  of 
color.  Not  only  the  (juantity,  hut  the  (|uality  of  tlie  light,  as  well  as 
the  arrangement  of  the  units,  must  la.'  con.sidered  in  a  complete  study 
of  the  subject  of  illumination. 

Unit  of  Illumination.  The  unit  of  illumination  is  tlic  joot- 
cnudle  and  its  value  is  the  amount  of  light  falling  on  a  surfacv  at  a 
distance  of  one  foot  from  a  source  of  light  one  candle-power  in  value. 
The  law  of  inverse  stjuares — namely,  that  the  illumination  from  a 
given  soiree  varies  inversely  a.s  the  square  of  the  distance  from  the 
source— shows  that  the  illumination  at  a  distance  of  two  feet  from  u 
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single    candle-power   unit    is  .25    foot-candles.      For    further    con- 
sideration of  the  law  of  inverse  squares,  see  "Photometry." 

Illumination  may  be  classified  as  useful — when  used  for  the 
ordinary  purposes  of  furnishing  light  for  carrying  on  work,  taking 
the  place  of  daylight;  and  scenic — when  used  for  decorative  lighting 
such  as  stage  lighting,  etc.  The  two  divisions  are  not,  as  a  rule, 
distinct,  but  the  one  is  combined  with  the  other. 

Intrinsic  Brightness.  By  intrinsic  brightness  is  meant  the 
amount  of  light  emitted  per  un't  surface  of  the  light  source.  Table 
XII  gives  the  intrinsic  brightness  of  several  light  sources. 

TABLE  XII 
Intrinsic  Brilliancies  in  Candle-Power  per  Square  Inch 


Source 

Brilliancy 

Notes 

Sun  in  zenith 

000,000  ) 

Sun  at  30  degrees  elv. 

500,000  \ 

Rough  equivalent  values,   tak- 

Sun on  horizon 

2,000  ) 
10,000) 

ing  account  of  absorption 

Arc  light 

to     [ 

Maximum     about     200,000     in 

100,000) 

crater 

Calcium  light 

5,000 

Nernst  "glower" 

1,000 

Unshaded 

Incandescent  lamp 

200-300 

Depending  on  efficiency 

Enclosed  arc 

75-100 

Opalescent  inner  globe 

Acetylene  flame 

75-100 

Welsbach  light 
Kerosene  lignt 

20  to  25 

4  to    8 

Variable 

Candle 

3  to    4 

Gas  flame 

3  to    8 

Variable 

Incandescent  (frosted) 

2  to    5 

Opal  shaded  lamps,  etc. 

0.5  to    2 

Regular  Reflection.  Regular  reflection  is  the  term  applied  to 
reflection  of  light  when  the  reflected  rays  are  parallel.  It  is  of  such 
a  nature  that  the  image  of  the  light  source  is  seen  in  the  reflection. 
The  reflection  from  a  plane  mirror  is  an  example  of  this.  It  is  useful 
in  lighting  in  that  the  direction  of  light  may  be  changed  without  com- 
plicating calculations  aside  from  deductions  necessary  to  compensate 
for  the  small  amount  of  light  absorbed. 

Irregular  Reflection.  Irregular  reflection,  or  diffusion,  consists 
of  reflection  in  which  the  reflected  rays  of  light  are  not  parallel  but 
take  various  directions,  thus  destroying  the  image  of  the  light  source. 
Rough,  unpolished  surfaces  give  such  reflection.  Smooth,  unpolished 
surfaces  generally  give  a  combination   of  two  kinds  of  reflection. 
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Diffused  reflection  is  ven'  important  in  the  study  of  illumination 
inasmuch  as  (hirust-d  light  phiys  un  inijxirtaut  part  in  the  Hghting  of 
interiors.  Tliis  form  of  reflection  is  seen  in  many  photometer  screens. 
Liglit  is  also  diffused  when  passing  through  semi-transparent  shades 
or  screens. 

In  considering  reflected  light,  we  find  that,  if  the  surface  on 
which  the  light  falls  is  colored,  the  nflected  light  may  Ik;  changed  in 
its  nature  hy  the  al)s«)rption  of  some  of  the  colors.  Since,  as  has  Inen 
Siiid,  in  interior  lighting  (he  reflected  light  fornus  a  large  part  of  (he 
source  of  illumination,  this  illumination  will  deixMid  upon  the  nature 
and  the  color  of  the  reflecting  surfaces. 

Whenever  light  is  reflected  from  a  surface,  either  by  direct  or 
diffused  reflection,  a  certain  amount  of  light  is  absorlx-d  by  the  surface. 
Table  XIII  gives  the  amount  of  white  light  reflected  from  different 
materials. 

TABLE  XIII 
Relative  ReflectioK  Power 


Matkbial 


WhiU*  hlottinK  pa{x*r . . 
White  carlritlgc  paj>er. 
Chrome  yellow  pap«'r . 

Orange  patwr 

Yellow  wall  paper 

Light  pink  paper 

Yellow  caruboard 

Light  blue  cardboanl 
Emerald  green  pajHT  . 
Dark  brown  pa})er. .  . 

Vermilion  pajK'r 

Bl'ie-green  paper . . 

Black  pa|>or 

Black  cloth 
Black  vclvri 


82 

80 

62 

50 

40 

36 

30 

25  . 

18 

13 

12 

12 

5 

1.2 
.4 


From  this  table  it  is  seen  that  the  light-colored  papers  reflect  the 
light  well,  but  of  the  darker  colors  only  yellow,  has  a  comparatively 
high  coefficient  of  n^flection.  Black  velvet  has  the  lowest  value,  but 
this  only  holds  whj>n  the  material  is  free  from  dust.  Rooms  with 
dark  walls  recpiire  k  greater  amount  of  illuminating  power,  as  will  be 
seen  later. 

r^'ful  illuminaiiiMi  may  Ix*  consitlcretl  umler  the  following 
heads : 
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1.  Residence  Lighting. 

2.  Lighting  of  Public  Halls,  Offices,  Drafting  Rooms,  Shops,  etc. 

3.  Street  Lighting. 

RESIDENCE  LIGHTING 

Type  cf  Lamps.  The  lamps  used  for  this  elass  of  Hghtiiig  are 
limited  to  the  less  powerful  units — namely,  incandescent  or  Nernst 
lamps  varying  in  candle-power  from  8  to  50  per  unit.  These  should 
always  be  shaded  so  as  to  keep  the  intrinsic  brightness  low.  The 
intrinsic  brilliancy  should  seldom  exceed  2  to  3  candle-power  per 
square  inch,  and  its  reduction  is  usually  accomplished  by  appropriate 
shading.  Arc  lights  are  so  powerful  as  to  be  uneconomical  for 
small  rooms,  while  the  color  of  the  mercury-vapor  light  is  an  additional 
objection  to  its  use. 

Plan  of  Illumination.  Lamps  may  be  selected  and  so  located 
as  to  give  a  brilliant  and  fairly  uniform  illumination  in  a  room ;  but  this 
is  an  uneconomical  scheme,  and  the  one  more  commonly  employed 
is  to  furnish  a  uniform,  though  comparatively  weak,  ground  illumi- 
nation, and  to  reinforce  this  at  points  where  it  is  necessary  or  desirable. 
The  latter  plan  is  satisfactory  in  almost  all  cases  and  the  more  eco- 
nomical of  the  two. 

While  the  use  of  units  of  different  power  is  to  be  recommendetl, 
where  desirable,  lights  differing  in  color  should  not  be  used  for  lighting 
the  same  room.  As  an  exaggerated  case,  the  use  of  arc  with  incan- 
descent lamps  might  be  mentioned.  The  arcs  being  so  much  whiter 
thari  the  incandescent  lamps,  the  latter  appear  distinctly  yellow  when 
the  two  arc  viewed  at  the  same  time. 

Calculation  of  Illumination.  In  determining  the  value  of  illumi- 
nation, not  only  the  candle-power  of  the  units,  but  the  amount  of  re- 
flected light  must  be  considered  for  the  given  location  of  the  lamps. 
Following  is  a  formula  based  on  the  coefficient  of  reflection  of  the 
walls  of  the  room,  which  sers'cs  for  preliminary  calculations: 


I  =  Illumination  in  foot-candles. 

c.p.  =  Candle-power  of  the  unit. 

k  =  Coefficient  of  reflection  of  the  walls. 

d  =-  distance  from  the  unit  in  feet. 
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^^^lere  several  units  of  the  same  candle-power  are  used  this 
formula  l>ecomes: 

i  =  ^p(i-  +  :^  +  >-  + ) 


or,  c.p. 


d*   ^   (P^        tP^    ^  M  -  it 

1 

1  1         2_        1 

^  d»    ■*"  <i\  "^  rf>,  "^  ^  \-k 


where  d,  rf,,  rf,,  etc.,  equal  the  distances  from  the  point  considered  to 
the  various  light  sources.  If  the  lamps  are  of  different  candle-power, 
the  illumination  may  be  determined  by  combining  the  illumination 
from  each  source  as  calculated  separately.  An  example  of  calculation 
is  given  under  "Arrangement  of  Lamps." 

The  alx)ve  method  is  not  strictly  accurate  because  it  does  not 
take  account  of  the  angle  at  which  the  light  from  each  one  of  the 
sources  strikes  the  assumed  plane  ^f  illumination.     If   the  ray  of 

c.p, 
light  is  perpendicular  to  the  plane,  the  formula  I  =• -^p  gives  cor- 
rect values.     If  «  is  the  angle  which  the  ray  of  light  makes  with  a  line 
drawn  from  the  light  source  perpendicular  to  the  assumed  plane, 

then   the  fonnula  bec-o'mes  I  =    /"•?•   X  ^»"^  ° .    Therefore,  by 

multiplying  the  candle-power  value  of  each  light  source  in  the  direc- 
tion of  die  illuminated  point  by  the  cosine  of  each  angle  a,  a  more 
accurate  result  will  be  obtained. 

It  is  readily  seen  that  the  effect  of  reflected  light  from  the  ceilings 
is  of  more  importance  than  that  from  the  floor  of  a  room.  The  value 
of  k,  in  the  alxjve  formula,  will  vary  from  60^  to  10^,  but  for  rooms 
with  a  fairly  light  finish  oO%  may  be  taken  as  a  good  average  value. 

The  amount  of  illumination  will  depend  on  the  use  to  be  made  of 
the  room.  One  foot-candle  gives  sufficient  illumination  for  easy 
reading,  when  measured  normal  to  the  page,  and  probably  an  illumi- 
nation of  .5  foot-candle  on  a  plane  3  feet  from  the  floor  forms  a  sufli- 
cient  ground  illumination.  The  illumination  from  sunlight  reflected 
from  white  clouds  is  fn)m  20  foot-candles  up,  while  that  ilue  to  moon- 
light is  in  the  neigh IwrlnKxl  of  .03  f(X)t-candles.  It  is  not  possible  to 
produce  artificially  a  light  e({uivalcnt  to  daylight  ou  account  of  the 
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great  amount  of  energy  that  would  be  required  and  the  difficulty  of 
obtaining  projKT  diffusion. 

The  method  of  calculating  the  illumination  of  a  room  that  has 
just  been  described  is  known  as  the  poitit-bij-point  method  and  it 
gives  very  accurate  results  if  account  is  taken  of  the  angle  at  which 
the  light  from  each  source  strikes  the  plane  of  illumination  and  if 
the  light  distribution  curves  of  the  units,  and  the  value  of  k,  have  been 
carefully  determined.  Under  these  conditions  the  calculations  be- 
come extended  and  complicated  and  methods  only  approximate,  but 
simpler  in  their  application,  are  being  introduced.  One  method, 
which  gives  good  results  when  applied  to  fairly  large  interiors,  makes 
the  flux  of  light  from  the  light  sources  the  basis  of  calculation  of  the 
average  illumination. 

Flux  of  light  is  measured  in  lumens  and  a  lumen  may  be  definetl 
as  the  amount  of  light  which  must  fall  on  one  square  foot  of  surface 
in  order  to  produce  a  uniform  illumination  of  an  intensity  of  one  foot- 
candle.  A  source  of  light  giving  one  candle-power  in  every  direction 
and  placed  at  the  center  of  a  sphere  of  one  foot  radius  would  give  an 
illumination  of  one  foot-candle  at  every  point  in  the  surface  of  the 
sphere  and  the  total  flux  of  light  would  be  Att,  or  12.57,  lumens  since 
the  area  of  the  sphere  would  be  47r,  or  12.57,  sq.  ft.  A  lamp  giving 
one  mean  spherical  candle-power  gives  a  flux  of  12.57  lumens  and 
the  total  flux  of  light  from  any  source  is  obtained  by  multiplying  its 
mean  spherical  candle-power  by  12.57.  In  calculating  illumination 
it  is  customary  to  determine  the  illumination  on  a  plane  about  30 
inches  from  the  floor  for  desk  work,  and  about  42  inches  from  the 
floor  for  the  display  of  goods  on  counters.  If  we  determine  the  total 
number  of  lumens  falling  on  this  plane  and  divide  this  number  by 
the  area  of  the  plane,  we  obtain  the  average  illumination  in  foot- 
candles.  This  of  course  tells  us  nothing  about  the  maximum  or 
minimum  value  of  the  illumination  and  such  values  must  be  obtained 
by  other  methods  if  they  are  desired.  Reflected  light,  other  than  that 
covered  by  the  distribution  curve  of  the  light  unit  including  its  re- 
flector, is  usually  neglected  in  this  method  of  calculation. 

We  may  assume  that  in  large  rooms  the  light  coming  from  the 
lamp  within  an  angle  of  75  degrees  from  the  vertical  reaches  the  plane 
of  illumination.  In  smaller  rooms  this  angle  should  be  reduced  to 
about  60  degrees.     In  order  to  determine  the  flux  of  light  within  this 
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angle  a  Rousseau  diagram,  which  is  described  later,  should  l)e  drawn. 

By  the  means  of  this  diagram  the  average  candle-power  of  the  light 

source  within  the  angle  {u>sumed  may  be  readily  determined  and  this 

mean  value,  multiplied  by  12.57,  will  give  the  flux  of  light  in  lumens. 

This  methoti  of  calculation,  together  with  some  guides  for  its  rapid 

application,  is  described  by  Messrs.  C'nivath  ami  I^asingh  in  the 

"Transactions  of  the  Illuminating  Engineering  Society,  1908."    The 

same  authorities  give  the  following  useful  <lata; 

To  determine  tlie  watts  rccjuired  piT  sf|uare  foot  of  floor  area, 

multiply  the  intensity  of  illumination  desired  by  the  cH>nstants  given 

as  follows: 

INTENSITY  CONSTANTS  FOR  INCANDESCENT  LAMPS 

Tungsten  lamps  rated  at  1.25  watts  per  horizontal  can«lle-power;  clear 
prismatic  reflectors,  either  bowl  or  concentrating;  large  room;  light 
ceiling;  dark  walls;  lamps  pendant;  height  from  8  to  15  feet  .25 

Same  with  very  light  walls , 20 

Tungsten  lamp?  rated  at  1.25  watts  per  horizontal  candle-p>ower;  pris- 
matic  bo^i   reflectors  enameled;  large  room;  light  ceiling;  dark 

walls;  lamps   pendant,   height   from  8  to   15  feet 29 

Same  with  very  light  walls 23 

Gem  lamps  rated  at  2.5  watts  per  horizontal  candle-power;  clear  pris- 
matic reflectors  either  concentrating  or  bowl;  larg^  room;  light 

ceiling;  dark  walls;  lamps  pendant;  height  from  8  to  15  feet 55 

Same  with  very  light  walls 45 

Carbon  filament  lamps  rated  at  3.1  watts  per  horizontal  candle-power; 
clear  prismatic  reflectors  either  bowl  or  concentrating;  light  ceiling; 
dark  walls;  large  room;  lamps  pendant;  height  from  8  to  15  feet. .        .65 

Same  with  very  light  walls 55 

Bare  carbon  fllament  lamps  rated  at  3.1  watts  per  horizontal  candle- 
power;  no   reflectors;  large   room;  very   light   ceiling  and   walls; 

height  from  10  to  14  feet .75  to  1,5 

Same;  small  room;  medium  walls .  .    .  1 .25  tt)  2.0 

Carbon  fllament  lamps  rated  at  3.1  watts  per  horizontal  candle-power; 
opal  dome  or  opal  cone  reflectors;  light  ceiling;  dark  walls;  largo 

room;  lampw  pendant;  height  from  8  to  15  feet 70 

Same  with  light  walls 60 

INTENSITY  CONSTANTS  FOR  ARC  LAMPS 

5-ampere,  enclosed,  direct-current  arc  on  110-volt  circuit;  clear  inner, 
opal  outer  globe;  no  reflector;  large  room:  light  ceiling;  medium 
walls;  height  from  9  to  14  feet 50 

Arrangement  of  Lamps.    An  arrangement  of  lamps  giving  a 

uniform  illumination  cainiot  Ik*  wrll  applied  to  residences  on  account 

of  the  numl)er  of  units  required,  and  tlie  inartistic  effect     We  are 
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limited  to  chandeliers,  side  lights,  or  ceiling  lights,  in  the  majority 
of  cases,  with  table  or  reading  lamps  for  special  illumination. 

^^^len  ceiling  lamps  are  used  and  the  ceilings  are  high,  some 

form  of  reflector  or  reflector  lamp  is  to  be  recommended.     In  any 

-  case  where  the  coefficient  of  reflection  of  the 

fj  ceilings  is  less  than  40%,  it  is  more  economical 
I  to  use  reflectors.  When  lamps  are  mounted 
on  chandeliers,  the  illumination  is  far  from 
uniform,  being  a  maximum  in  the  neighbor- 
hood of  the  chandelier  and  a  minimum  at  the 
corners  of  the  room.  By  combining  chande- 
liers with  side  lights  it  is  generally  possible  to 
fj  lioS^'*^  ^  satisfactory  arrangement  of  lightiiig  for 

j  *""  7  small   or  medium-sized  rooms. 

As  a  check  on  the  candle-power  in  lamps 

I  " '  ^'  required,  we  have  the  following : 

T  For  brilliant    illumination    allow    one    candle- 

Fig.  53.   Diagram  Showing   power  per  two  square  feet  of- floor  space.     In  some 
Method  of  Calculating      particular  cases,   such  as  ball  rooms,   this  may  be 
Room  Illumination.        increased  to  one  candle-power  per  square  foot. 

For  general  illumination  allow  one  candle-power 
for  four  square,  feet  of  floor  space,  and  strengthen  this  illumination  with  the 
aid  of  special  lamps  as  required.  The  location  of  lamps  and  the  height  of 
ceilings  will  modify  these  figures  to  some  extent. 

As  an  example  of  the  calculation  of  the  illu- 
mination of  a  room  with  different  arrangements 
of  the  units  of  light,  assume  a  room  16  feet 
square,  12  feet  high,  and  with  walls  having  a  2 
coefficient  of  reflection  of  50%.  Consider  first 
the  illumination  on  a  plane  3  feet  above  the 
floor  when  lighted  by  a  single  group  of  lights 
mounted  at  the  center  of  the  room  3  feet  below 
the  ceiling.  If  a  minimum  value  of  .5  foot- 
candle  is  required  at  the  corner  of  the  room, 
we  have  the  equation  (first  method  outlined): 

1         ..       1 


.5 


12.8=' 


-X 


1  -  .5 


Since  d  =1/8=*  +  8^  +  6^ 
Fig.  53) 


_    12  8  Tsee    ^'K-^^-    Diagram  for  Four 
^  .  8-c.  p.  I^amps  on 


Side  WaU. 
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Solving  the  above  for  the  value  of  c.  p.,  we  have 

c.  p.  =- ^-— .5  X  82  -  41 

i_  y - — 

164  .5 

Tlirt'c  16-candle-power  lamps  would  serve  this  purpose  very 
well. 

Determining  the  iiluminutiun  directly  under  the  lamp,  we  have: 

2.7  foot-candles,  or  five  times  the  value  of  the  illumination  at  the 
corners  of  the  room. 

Next  consider  four  8-candle-power  lamps  located  on  the  side 
walls  8  feet  above  the  floor,  as  sh6wn  in  Fig.  'A.  Calculating  the 
illumination  at  the  center  of  the  room  on  a  plane  three  feet  above 
the  floor,   we  have: 

*■         "  V  on     '     on     ■"    on     '     oc»    z 


89        89        89        89   '    1  -  .5 
^  =  8»  +  5»  =  64   +   25   -  89 

4 
I  =  8  X  -^  X  2  =  .72  foot-candles 

The  illumination  at  the  corner  of  the  room  would  be: 


89        89       345      345  '     1  -  .5 
=  8(-^  +  -^  )  X  2  =  .45  foot-<andles. 

In  a  similar  manner  the  illumination  may  be  calculated  for  any 
point  in  the  room,  or  a  series  of  points  may  be  taken  and  cur>'es  plotted 
showing  the  distribution  of  the  light,  as  well  as  the  areas  having  the 
same  illumination.  AMierc  refined  calculatioas  are  desire<l,  the  dis- 
tribution cur^•e  of  the  lamp  must  be  used  for  determining  the"  candle- 
power  in  different  directioas.  Fig.  .')5  shows  illumimition  curves  for 
the  Meridian  lamp  a.<5  manufactun>d  by  the  General  Electric  Com- 
pany. This  is  a  form  of  reflector  lamp  made  in  two  sizes,  25  or  .'>!) 
candle-power.  Fig.  56  gives  the  distribution  curves  for  the  50- 
candle-pjwer  unit.  Similar  incandescent  lamps  are  now  being 
manufactured  by  other  companies. 
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Table  XIV  gives  desirable  data  in  connection  with  the  use  of 
the  Meridian  lamp. 


Fig.  55.     Illumination  Curves  for  a  G.  E.  Meridian  Lamp. 

TABLE  XIV 
Illuminating  Data  for  Meridian  Lamps 


Light 
Intensity 
in  Foot- 
candles 

No.  1  Lamp  (60  Watts) 

No.2  Lamp(130  Watts) 

Watts 

per  Sq.  Ft. 

of  Area 

Lighted 

with 

either 

Lamp 

Class  Service 

Height  of 
Lamp  and 
Diameter 
of  Uni- 
formly 
Lighted 
Area 

Distance 
between 
Lamps 
when  Two 
or  more 
are  Used 

Height  of 
Lamp  and 
Diameter 
of  Uni- 
formly 
Lighted 
Area 

Distance 
between 
Lamps 
when  Two 
or  more 
are  Used 

Desk  or  R(!ading            5 
Table                    2^ 

2.9  feet 
3.5     " 
4 

4 . 9  feet 

6  " 

7  " 

4      feet 
5 
5.75  " 

7      feet 
8.5    " 
9.8    " 

2.50 
1.66 
1.25 

General  Lighting 

1 

i 

5         " 
5.75  " 
7 

8.5   " 
9.8  " 
12 

7 

8.2    " 
10 

12 

13.9    " 
11 

0.83 
0.62 
0.41 

By  me^ns  of  the  Weber,  or  some  other  form  of  portable  photom- 
eter, curves  as  plotted  from  calculations  may  be  readily  checked 
after  the  lamps  are  installed.  When  lamps  are  to  be  permanently 
located,  the  question  of  illumination  becomes  an  important  one,  and 
it  may  be  desirable  to  determine,  by  calculation,  the  illumination 
curves  for  each  room  before  installing  the  lamps.  This  applies  to 
the  lighting  of  large  interiors  more  particularly  than  to  residence 
lighting.     The   point-by-point   metliod   of  calculation   is   used   for 
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very  afciirato  work  when  llie  sysfeiii  nf  illiiiniimiioii  admits  of  this 
inctliod.     ( )tlu'r  iiictluMls  an*  «>ft('ii  simpler  aixl  sulli<i<iilly  arciirate 


for  pmctical  work. 


30*       "so*        w       0'       tor       55*         So*" 
Fig.  50.     DLitrlbution  Curve  for  a  G.  K.  60-r.  p.  Meridian  liamp. 

Dr.  Louis  Bell  gives  the  following  in  connection  with  n'.sidcnce 

lijjhting: 

TABLE  XV 

Residence  Lightlns  Data 


Room 

8 
c.  r. 

8 
12 

4 
12 
14 

10 
4 

M 

16 
c.  r. 

14 
4 
3 
3 

3 
3 

32 
c.  p. 

8g.  FT. 

PKBC.P.                            ReMABM 

Hall   15'  X  20' 

1 

2 

4 

1 

4  7 

3  1          §-«P-  reflector  lamps 

70         : 

3  0     1 

2.7     1     8  rrflector  lamiw 

2  3     1     32-c.p.wilh  nlV>ctor8 

Library  20'  X  20'     

Kfception  rcH>in,  15'  X  15' . . 

Music  room,  20'  X  25' 

DiiiiiiK  nKiiii,  15'  X  20' 

Billiaril  room,  15'  X  20* 

Porch 

Hcilrooms  (6),  15'  X  15' 

Dressing  rooms  (2),  lO'XlS'. 
Servants'  rooms  (.<),  10'  X 15' 

Hat hrooms  (3),  8'  X  10' 

Kitchen.  15'  X  15'  ) 
l'antr>',  10'  X  15'   \ 
tlalKs't 

Cellar  ) 

Clo«fU(4) 

7  0 

4  7 
9  4 

5  0 

• 

Reflector  lamps 

Total 

30 

* 

Itff 
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LIGHTING  OF  PUBLIC  HALLS,  OFFICES,  ETC. 

Lighting  of  public  luills  and  otlu-r  large  interiors  (JiHV'rs  from  the 
illumination  of  residences  in  that  there  is  usually  less  reflected  light, 
and,  again,  the  distance  of  the  light  sources  from  the  plane  of  illumi- 
nation is  generally  greater  if  an  artistic  arrangement  of  the  lights  is 
to  be  brought  about.  This  in  turn  reduces  the  direct  illumination. 
The  primary  object  is,  however,  as  in  residence  lighting,  to  produce 
a  fairly  uniform  ground  illumination  and  to  superimpose  a  stronger 
illumination  where  necessary.  An  illumination  of  .5  foot-candle  for 
the  ground  illumination  may  be  taken  as  a  minimum. 

In  the  lighting  of  large  rooms  it  is  permissible  to  use  larger  light 
units,  such  as  arc  lamps  and  high  candle-power  Nemst  or  incan- 
descent units,  while  for  factory  lighting  and  drafting  rooms,  where 
the  color  of  the  light  is  not  so  essential,  the  Cooper-Hewitt  lamp  is 
being  introduced.  High  candle-power  reflector  lamps,  such  as  the 
tungsten  lamp,  are  being  used  to  a  large  extent  for  offices  and  drafting 
rooms. 

The  choice  of  the  type  of  lamp  depends  on  the  nature  of  the 
work.  Where  the  light  must  be  steady,  incandescent  or  N,ernst 
lamps  are  to  be  preferred  to  the  arc  or  vapor  lamps,  though  the  latter 
are  often  the  more  efficient.  When  arcs  are  used,  they  must  be  care- 
fully shaded  so  as  to  diffuse  the  light,  doing  away  with  the  strong 
shadows  due  to  portions  of  the  lamp  mechanism,  and  to  reduce  the 
intrinsic  brightness.  Such  shading  will  be  taken  up  under  the  head- 
ing "Shades  and  Reflectors."  Arcs  are  sometimes  preferable  to 
incandescent  lamps  when  colored  objects  are  to  be  illuminated,  as  in 
stores  and  display  windows. 

In  locating  lamps  for  this  class  of  lighting,  much  depends  on  the 
nature  of  the  building  and  on  the  degree  of  economy  to  be  observed. 
For  preliminary  determination  of  the  location  of  groups,  or  the  illumi- 
nation when  certain  arrangement  of  the  units  is  assumed,  the  prin- 
ciples outlined  under  "Residence  Lighting"  may  be  applied.  It  has 
been  found  that  actual  measuren^ents  show  results  approximating 
closely  such  calculated  values. 

When  arcs  are  used  they  should  be  placed  fairly  high,  twenty 
to  twenty-five  feet  when  used  for  general  illumination  and  the  ceilings 
are  high.  They  should  be  supplied  with  reflectors  so  as  to  utilize 
the  light  ordinarily  thrown  upwards.     ^Mien  used  for  drafting-room 
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work,  thry  slioiiKi  !h'  su.s|M'n«lc«I  from  twelve  to  fiftwn  feet  above 
the  H(M)r,  and  sjM'cial  care  inust  Ik*  taken  to  difTiise  the  Hjijlit. 

lueandeseent  lain{xs  may  be  arranged  in  groups,  either  as  side 
lights  or  niounte*!  on  chandeliers,  or  they  may  Ix?  arrange*!  a-s  a  frieze 
ninning  around  the  nxnn  a  few  feet  Ix'low  the  ceiling.  'Ilie  last 
named  arrangement  of  lights  is  one  that  may  Ih«  made  artistic,  hut  it 
is  uneconomical  and  when  use<l  should  serve  for  the  gnnmd  illimiirui- 
tion  only.  Ileflector  lights  may  l>e  usetl  for  this  style  of  work  an<J 
the  lights  may  be  entirely  conceale<l  from  view,  the  reflecting  prop- 
erty of  the  walls  being  utilized  for  distributing  the  light  where  needed. 
Ceiling  lights  should  preferably  be  supplied  with  reflectors, 
especially  when  the  ceilings  are  high. 

Indirect  lighting  is  employed  to  some  extent.  By  indirect 
lighting  we  mean  a  system  af  illumination  in  which  the  light  sources 
are  concealetl  and  the  light  from  them  is  reflected  to  the  room  by  the 
walls,  or  ceilings,  or  other  surfaces;  or  in  which  the  light  sources  are 
placed  above  a  diffusing  panel.  In  the  latter  case  the  diffusing  plate 
appears  to  be  the  source  of  light.  In  some  cases  the  walls  themselves 
are  shaped  and  constnicteil  so  as  to  form  the  reflectors  for  the  light 
units  (cove  lighting),  but  in  others  all  of  the  reflecting  surfaces,  except 
the  side  walls  and  ceiling,  are  made  portions  of  the  lamp  fixtures. 

Tables  XVI  and  X\'II  give  data  on  arc  and  mercury-va|>or 
lamps  for  lighting  large  rooms.  Ta!)le  XVII  refers  to  arc  lights  as 
actually  installeil. 

TABLE  XVI 

Cooper-Hewitt  Lamps 


Sehvick 

Hbiobt  or  Lamf 

C.  P.  or  Ujtrr 

\r.  Abba  r»n  LaUp 
.    IX  Sqvakb  Pkkt 

Foundry 

10    1.')  ft. 

MH) 

«KX) 

•1    ' 

20-25  " 

700 

22.'-i0 

Machine  shop 

10-16  " 

:u)o 

500 

Krrcting  shop 

20-30  " 

700 

12.'>0 

Drafting  rtwm 

15 

300 

300 

20 

700 

400 

Offices 

10-15  •• 

300 

400 

*• 

20  25  " 

700 

IM 

Ordinary  lal>or 

10-15  " 

:mh) 

• 

1100 

" 

20  25  • 

700 

2750 
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ELECTRIC  UC.TTING  G7 

Measurements  taken  in  well-lighted  rooms  having  a  floor  space 
of  from  1  .(MX)  to  r),(XX)  .s<^inare  feet  show  an  average  of  3  to  3.5  s(|uare 
feet  per  candle-power.  Al)out  2.5  .sc|uare  feet  per  candle-power 
should  be  allowed  when  brilliant  lighting  Is  rwjuired  or  the  ceilings 
are  very  high,  while  3.75  sfjuare  feet  |H'r  candle-jxjwer  will  give  good 
illumination  when  lights  are  well  distributed  and  there  is  considerable 
reflectinj  liglit. 

In  factory  and  drafting  room  lighting,  the  lamps  must  be  arranged 
to  give  a  strong  light  where  most  ncctlcd,  and  located  to  prevent  such 
shadows  as  would  interfere  with  the  work. 

STREET  LIGHTING 

In  studying  the  lighting  of  streets  and  parks,  we  find  that,  except 
in  special  cases,  such  as  narrow  streets  and  high  buildings,  there  is 
no  reflected  light  which  aids  the  illumination  aside  from  that  due  to 
special  shades  or  reflectors  on  the  lamp  itself.  Such  reflectors  are 
necessary  if  the  light  ordinarily  thrown  above  the  horizontal  plane  is 
to  be  utilized. 

In  calculating  the  illumination  due  to  any  type  of  lamp  at  a  given 
|X)int  it  is  necessary  to  know  the  distribution  curve  of  the  lamp  used 
and  the  distance  to  the  |K)int  illuminated.  Tlie  approximate  illumi- 
nation of  a  plane  normal  to  the  rays  of  light  is  given  by  the  formula, 

J _^Pi_ 

^  ~  A»  +  (P 

when  I  =  illumination  in  f{K)t-<andles. 

c.p.  =  candle-power  of  the  unit,  determined  from  the  distri- 
bution curve  of  the  lamp. 

h  —  distance  the  lamp  is  mounted  above  the  ground,  in  feet, 
and  d  =  distance  from  the  bjuse  of 
the  pole  sup|X)rting  the  lamp  to  the        """"--i^^ 
point  where  the  illumination  is  being  ' 
consideretl.  Fig.  57. 

Wliile  this  will  give  the  illumi- 
nation in  foot-candles,  the  natun*  of      "^  "     s^"**  ^^^^  niumination 
the  lighting  cannot  be  decideil  from 

this  alone,  but  the  total  amount  of  light  must  alst)  Ik*  considered. 
Thus,  a  street  lighted  witli  pow.  rful  iinits  and  giving  a  minimum 
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Fig.  58. 


Ideal  Distribution  Curve  for  a  Street 
Light. 


illumination  of  .05  foot-candles  would  be  considered  better  illumi- 
nated than  one  having  smaller  units  so  distributed  as  to  give  the 
same  minimum  value. 

Since  a  uniform  distribu- 
tion of  light  is  desirable,  for 
economic  reasons,  the  ideal 
distribution  curve  of  a  lamp 
for  street  lighting  would  be  a 
curve  which  shows  a  low  value 
of  candle-power  thrown  di- 
rectly downward,  but  with  the 
candle-power  increasing  as  we 
approach  the  horizontal.  Such 
an  ideal  distribution  curve  is  shown  in  Fig.  58. 

Actual  distribution  curves  taken  from  commercial  arc  lamps  are 
given  in  Fig.  59,  in  which 

Curve  A  shows  distribu- 
tion curve  for  a  9.6-ampere, 
open,  direct-current  arc. 

Curve  B  shows  distribu- 
tion curve  for  a  6.6-ampere, 
D.C.  enclosed  arc 

Curve  C  shows  distribu- 
tion curve  for  a  7.5-ampere, 
A.C.  enclosed  arc. 

Globes  used  with  B  and 
C  are  opal  inner  globes, 
clear  outer  globes. 

Globes  used  with  A  are 
clear  outer  globes. 

A  street  reflector  was 
used  with  the  enclosed  arcs. 
Typical  curves  for 
flaming  and  luminous 
arc  lamps  are  shown  in 
Figs.  40,  43,  and  44. 

A  series  of  curves 
known  as  illumination 
curves  may  be  readily 
calculated  showing  the 
illumination  in  foot- 

Dlstributicm  Curves  for  Commercial  Arc 

LAmps  Used  In  Street  Lighting.  candles  at  given  distance 


Fig.  69. 
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from  the  focit  of  tlie  pole  supporting  the  lamp.  Illumiimtion  curves 
corres|X)mling  to  tlie  distribution  cun'es  iiiFig.  o9  are  ^iven  in  Fig.  60 
where  A',  B',  amiC"  corres|)ontl  to  .1,  li,  and  C  in  Fig.  ol).  These 
curves  correspond  to  actual  readings  taken  with  commercial  lamps. 
Similar  curves  for  incandescent  lam{xs  fittetl  with  suitable  refltx-tors 
are  shown  in  Fig.  fil.     A  value  o'  .0.'i  foot-candles  is  alnjut  the  min- 


Flg.  60.     Illumination  Curvm  Drawn  to  Dmta  given  In  Fig.  SO. 

imum  for  street  lighting.  Open  arcs  should  be  placed  at  least  25  feet 
aljove  the  ground;  30  to  40  feet  is  better,  esp)ecially  if  the  space  to  be 
illuminated  is  quite  open.  With  enclosed  arcs  it  is  often  advan- 
tageous to  place  them  as  low  as  IS  to  20  feet  from  the  ground. 
Table  XVIII  gives  the  distance  between  lights  for  different  types 
of  arcs  for  fair  illumination. 

In  considering  the  t^'pe  of  arc  light  to  be  used  we  must  turn  to 
the  illumination  curves  as  shown  in  Fig.  GO.  These  cur\'es  show  that 
the  illumination  from  a  direct-current  open  arc  in  its  present  form 
b  superior  to  tliat  from  a  direct-current  enclosed  arc,  taking  the 
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TABLB  XVllI 


Kind  or  LaoHT 

Distance 
Between 

LlORTS 

LlOHTH    PES 

Mile 

6.6-ampere  enclosed  D.C.  arc 

9.6-ampere  open  D.C.  arc 

6.6-anipcre  enclosed  A.C.  arc 

340  feet 
315     " 
275     " 
260     " 

15 
17 
19 

6.6-anipere  open  D.C.  arc 

20 

Si 

i; 

;;: 

: : 

<i 

. 

!,- 

.  _ . 

.  ,  _ 

r  ■ 

A 

.:, 

1 ; 

1; 

»:  ■ 

::: 

)'CR -I 

'.'i  -Z 

::;::; 

:: 

i; 

■"  "T" 

2 

0^ 

LUJ 

30' 

40' 

50' 

60 

same  amount  of  power,  in  the  vicinity  of  the  pole;  but  at  a  distance  of 
100  feet,  the  illumination  from  the  enclosed  arc  is  better.     This 

illumination  is  still  more  effective  on 
account  of  the  absence  of  such  strong 
light  as  is  given  by  the  open  arc  near 
the  pole.  The  pupil  of  the  eye  adjusts 
itself  to  correspond  to  the  brightest 
^9  light  in  the  field  of  vision,  and  we  are 
unable  to  see  as  well  in  the  dimly- 

Fip.  fil.     Illumination    Curves  for    ,•    i  .    j  ,•  i  ,i 

Street  Incandescent  Lamps.  lighted  SCCtlOn  aS  when  the  maXimum 

intensity  is  less.    The  characteristics 
of  the  open  and  enclosed  direct-current  arc  lamps  are  as  follows: 

The  mean  spherical  candle-power  and  energy  required  at  the  arc  are 
variable  with  the  open  arc. 

Fluctuations  of  light  are  marked,  due  to  wandering  of  the  arc,  flickering 
due  to  the  wind  and  lack  of  uniformity  of  the  carbons. 

Dense  shadows  are  cast  by  the  side  rods  and  the  lower  carbon,  while  the 
light  is  objectionably  strong  in  the  vicinity  of  the  pole. 

With  the  enclosed  arc  the  mean  spherical  candle-power  and  the  watts 
consumed  at  the  arc  are  fairly  constant. 

No  shadows  are  cast  by  the  lamps,  and  the  illumination  is  not  subject  to 
such  wide  variations.  The  enclosed  arc  is  much  superior  to  the  open  arc  using 
the  same  amount  of  energy.  This  applies  to  the  open  arc  as  it  is  now  used. 
With  proper  reflection  and  diffusion  of  the  light  such  as  might  be  accomplished 
by  extensive  or  special  shading,  we  ought  to  be  able  to  get  as  good  distribution 
from  the  open  arc  with  a  greater  total  amount  of  illumination. 

In  comparing  the  direct-current  with   the  alternating-current 

enclosed  arc,  we  see  that  the  direct-current  arc  gives  slightly  more  light 

than  the  alternating  lamp,  but  this  may  be  more  than  counterbalanced 

by  the  better  distribution  of  light  from  the  alternating-current  lamp. 

The  selection  of  A.C.  or  D.C.  enclosed  lamps  will  usually  depend  on 

other  conditions,  such  as  method  of  distribution  of  power,  efficiency 

of  plant,  etc. 
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TABLE  XIX 
StrMt-Lamp  Date 


Arraos. 

Arraos. 

La  Mr 

AMFcaBa 

WATta  AT 

La  Mr 

Valck  or 
X  Km 

TaaMutALs 

PaoroaBD 

D.  C.  Series,  open  arc.  clear  globe 

toe 

9  6 

330 
450 

3  5 

4 

D.  C.  Series,  enclosed,  clear  outer  ^obe 

5  0 

6  6 

370 
480 

3  5 
4 

(5.6 

345 

3 

Opalescent  inner  globe,  street  reflectors 

6.6 

430 

3  5 

A.  C.  Series  as  above 

(7  5 

480 

4 

D.  C.  Series  "Magnetite" 

4.0 

310 

5  5 

The  question  of  street  lighting  has  been  given  considerable 
attention  by  the  National  Electric  Light  Association  and  this  .society 
recommends  the  following  form  of  specification  for  street  lights: 

1.  Under  ordinary  conditions  of  street  lighting,  with  lamps  sfiaced  200 
to  600  feet  apart,  specifications  for  street  lamps  should  define  the  mean  illumi- 
nation thrown  by  the  individual  lamp,  in  position  in  the  street,  as  measured  at 
the  height  of  the  observer's  eye  and  perpendicular  to  the  raya,  at  some  point 
not  less  than  200  feet  nor  more  than  300  feet  distant,  along  a  level  street,  from 
a  position  immediately  below  the  lamp,  with  all  extraneous  light  screened  off 
and  with  no  reflection  from  surrounding  objects  not  forming  part  of  the  lamp 
equipment. 

2.  When  using  smaller  units  of  light,  such  as  scries  incandescent  lamps 
spaced  shorter  distances  apart,  a  correspondingly  shorter  distance  from  tho 
lamp  should  be  chosen  in  measuring  the  illumination. 

3.  The  lamp  contracted  for  should  give  a  mean  normal  illumination  at 
the  test  point  (selected  as  in  Sections  1  and  2)  not  less  than  the  illumination 
given  by  the  stationary  standard  incandescent  lamp  of  16  candlc-puwer  at  1/X 
of  the  distance.  The  said  standanl  incandescent  lamp  should  be  a  stand- 
ardized seasoned  lamp  having  a  determined  candlc-|)ower  in  a  fi.xed  direction. 

4.  When  the  lamp  tested  fluctuates  in  intensity,  a  number  of  observa- 
tions of  the  maximum  normal  illumination  should  be  made  at  a  distance  of  not 
less  than  200  feet  horizontally  from  beneath  the  lamp,  and  the  average  of  these 
measurements  should  be  taken  as  the  average  maximum  illumination.  A 
similar  number  of  observations  of  the  minimum  normal  illumination  should  bo 
made,  the  average  of  which  should  be  taken  as  the  average  minimum  illumi- 
nation. The  arithmetical  mean  of  the  said  average  maximum  and  minimum 
illuminations  should  be  taken  as  the  mean  normal  illumination  called  for  in 
Section  1. 

5.  A  reasonable  number  of  the  lamps  covered  by  the  contract  should 
be  tested. 

6.  For  measuring  the  mean  normal  illumination  of  a  lamp,  comparison 
with  the  standard  incandescent  lamp  may  be  made  cither  with  asuitable  portable 
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photometer  or  with  a  reading  distance  instrument,  such  as  the  so-called  lumi- 
nomeler. 

7.  The  unobstructed  mean  normal  illumination  must  not  be  less  at 
shorter  distances  than  at  the  point  of  test. 

8.  An  approximate  value  of  the  mean  normal  illuminations  thrown  by 
street  lamps  of  standard  manufacture,  at  horizontal  distances  within  the  200- 
300-foot  range,  hung  approximately  20  feet  above  the  observer's  eye,  may  bo 
determined  from  Table  XIX. 

Series  incandescent  lamps  are  used  considerably  for  lighting 
the  streets  in  residence  sections  of  cities  or  where  shade  trees  make 
it  impracticable  to  use  arcs.  These  vary  in  candle-power  from  16 
to  50  or  even  higher,  and  are  usually  constructed  so  as  to  take  from 
two  to  four  amperes.  The  best  arrangement  of  these  is  to  mount 
them  on  brackets  a  few  feet  from  the  curb,  with  alternate  lamps  on 
opposite  sides  of  the  street.  The  distance  between  the  lamps  depends 
on  their  power.  50  candle-power  lamps  spaced  100  feet  between 
lamps,  give  a  minimum  illumination  of  .02  foot-candle.  25  candle- 
power  lamps  spaced  75  feet  between  lamps  will  serve  where  economy 
is  necessary. 

TABLE  XX 


Clear  glass 

Alabaster  glass 
Opaline  glass .  . 
Ground  glass .  . 

Opal  glass 

Milky  glass .  .  .  . 
Ground  glass . . 

Opal  glass 

Opaline  glass.  . 


Pek  Cent 


10 

15 
20-40 
25-30 
25-60 
30-60 

24.4 

32.2 

23 


SHADES  AND  REFLECTORS 

Lamps,  as  ordinarily  constructed,  do  not  always  give  a  suitable 
distribution  of  light,  while  the  intrinsic  brightness  is  often  too  high 
for  interior  lighting.  Shades  are  intended  to  modify  the  intensity 
of  the  light,  while  reflectors  are  used  for  the  purpose  of  changing  its 
direction.  Frequently  the  two  are  combined  in  various  ways.  Shades 
are  also  used  for  decorative  purposes,  but,  if  possible,  these  should 
be  of  such  a  nature  as  to  aid  illumination  rather  than  to  reduce  its 
eflficiency. 
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A  cotvsiderable  amount  of  light  is  absorbed  by  the  material  used 
for  the  construction  of  shades.  Table  XX  shows  the  approximate 
amount  absorlxnl  by  some  materials. 

Of  the  great  number  of  styles  of  shades 
and  reflectors  in  use,  only  a  few  of  the  more 
important  will  be  considered  here. 

Frosted  Globes.  One  of  the  simplest 
methods  of  shading  incandescent  lamps  is  by 
the  use  of  frosted  bulbs.  These  serve  to 
reduce  the  intrinsic  brightness  of  the  lamp,  and 
should  be  freely  used  for  residence  lighting 
when  separate  shades  are  not  installed.  Frosted 
globes  are  also  used  in  connection  with  reflec- 
tors for  the  purpose  of  diffusing  the  reflected 
li^t.  The  McCreary  shade  as  shown  in  Fig. 
62,  is  an  example  of  such  a  combined  shade 
and  reflector.  Fig.  63  shows  the  distribution 
curve  taken  from  an  incandescent  lamp  using 
a  McCreary  shade.  Fig.  64  shows  the  distribution  of  light  from  a  con- 
ical shade.  Fig.  56  shows  the  distribution  of  light  brought  al)out  by 
means  of  a  spiral  filament  and  a  reflector  as  used  in  the  Meridian  lamp. 


¥\g.  62.    McCreary  Shacle. 


^Z  CP. 


Fte  63.    Diiitrihutton  r»ir'*-e  for  Inran- 

deacent  Lamp  Provided  with 

McCraary  Stwde. 


FlK  64.     DUtrihution  Cur\'c  for  Ioc»n- 

descent  Iadip  Provided  with 

Conical  Shade. 


177 


74  ELECTRIC  LIGHTING 

Holophanc  Globes.  These  are  made  for  both  reflecting  and 
diffusing  the  light,  and  they  can  be  made  to  bring  about  almost  any 
desired  distribution  with  but  a  small  amount  of  absorption  of  light. 
These  consist  of  shades  of  clear  glass  having  horizontal  grooves 
forming  surfaces  which  change  the  direction  of  light  by  refraction  or 
total  reflection  as  is  necessary.  The  diffusion  of  light  is  effected  by 
means  of  deep,  rounded,  vertical  grooves  on  the  interior  surface  of 
the  globe.  Wliile  these  globes  are  of  clear  glass  and  absorb  an  amount 
of  light  correspcfnding  to  clear  glass,  the  light  is  so  well  diffused  that 
the  filament  of  the  lamp  cannot  be  seen,  and  the  globe  appears  as  if 


Fig.  65.     Enclosed  Arc  Lamp  Fitted  with  Shade  and  Concentric  Diffuser. 

made  of  some  semi-transparent  material.  The  holophane  glassware 
is  made  in  a  large  variety  of  artistic  designs  and  for  all  types  of  in- 
candescent lamps.  By  the  proper  selection  of  a  reflector  the  dis- 
tribution of  the  light  of  the  unit  used  may  be  made  that  which  is  best 
suited  to  the  particular  case  of  lighting  in  hand.  Figs.  9,  13,  14, 
15, 16, 17,  and  18  give  some  idea  of  what  can  be  accomplished  by  these 
shades. 

Fig.  65  shows  an  enclosed  arc  lamp  fitted  with  a  shade  and  a 
concentric  difuser.  The  effect  of  this  combination  is  best  shown 
in  Fig.  66.  Fig.  67  shows  the  change  in  the  illumination  curve  pro- 
duced by  such  shading.     Inverted  arcs  have  some  application  where 
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Fig.  68.     I)l;iKram  Showing  Effect  of  the  Concentric  DIffuaer. 

the  li^Iit  may  Ik?  readily  reflected  and  difl^usecJ  as  in  lighting  large 
nMini.s  with  light  fini.sh.  Ilefleetors  of  this  general  ty|x*  are  now  Ix'ing 
manufactured  in  such  a  form  that  they  may  be  built  in  and  become 
part  of  the  ceiling  of  the  room  to  be  illuminated. 


LAMPS    WITH  OPIM.  CLASS    SHAOC& 


LAMK  WITH  CONCCNTIUC  UCHT  OTruSCRS. 


-^ 


Fig.  67.     niuminatinn  Ciirven  tnr  liampfi  vitharal  without  Light  DlfTunn. 
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Opal  Enclosing  Globes.  The  use  of  opal  enclosing  globes  is 
recommended  for  arc  lamps  used  for  street  lighting  for  the  reason 
that  they  change  the  distribution  of  the  light  so  that  it  covers  a  greater 
area,  and  the  light  is  so  diffused  as  to  obliterate  shadows  in  the  vicinity 
of  the  lamp.  Table  XXI  gives  the  efficiency  of  different  globe  com- 
binations for  street  lighting  assuming  the  opal  inner  and  the  clear 
outer  globes  as  100%. 

TABLE  XXI 


O  pal  enclosing  and  clear  outer . 

Clear         "  "    clear      "     . 

"    opal       "      . 

Opal  "  "    opal       "     . 


100      per  cent 
91.2 
85 . 1 
82.7 


PHOTOMETRY 

Photometry  is  the  art  of  comparing  the  illuminating  properties 
of  light  sources,  and  forms  one  branch  of  scientific  measurement. 
Its  use  in  electric  illumination  is  to  determine  the  relative  values  of 
different  types  of  lamps  as  sources  of  illumination,  together  with  their 
efficiency;  also  by  means  of  the  principles  of  photometry,  we  are  able 
to  study  the  distribution  of  illumination  for  any  given  arrangement 
of  light  sources. 

LIGHT  STANDARDS 

Inasmuch  as  sources  of  light  are  compared  with  one  another  in 
photometry,  we  must  have  some  standard,  or  unit,  to  which  all  light 
sources  are  reduced.  This  unit  is  usually  the  candle-power  and  the 
rating  of  most  lamps  is  given  in  candle-power. 

While  the  candle-power  remains  the  unit  and  is  based  on  the 
standard  English  candle,  other  light  standards  have  been  introduced 
and  are  much  more  desirable. 

The  English  Candle.  The  English  candle  is  made  of  spermaceti 
extracted  from  crude  sperm  oil,  with  the  addition  of  a  small  quantity 
of  beeswax  to  reduce  the  brittleness.  Its  length  is  ten  inches,  and  its 
diameter  .9  inch  at  the  bottom  and  .8  inch  at  the  top,  and  its  weight 
is  one-sixth  of  a  pound.  Great  care  is  taken  in  the  preparation  of 
the  wick  and  spermaceti.  This  candle  burns  with  a  normal  height 
of  flame  of  45  millimeters  and  consumes  120  grains  per  hour  when 
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burning  in  dry  air  at  normal  atmospheric  pressure.  Under  these 
conditions,  the  light  given  by  a  single  candle  is  one  candle-power. 

ANTien  uso<l  for  measurements,  the  candle  should  l)e  allowed  to 
bum  at  least  fiftwn  minutes  before  talking  any  readings.  At  the  end 
of  this  period  the  wick  should  be  trimmed,  if  necessary',  and  when  the 
flame  height  reaches  45  millimeters,  readings  can  Ik*  taken,  llie 
candle  should  not  retjuire  trimming  when  the  proper  height  of  flame 
has  been  reachetl.  It  is  best  to  weigh  the  amount  of  material  con- 
sumed by  balancing  the  candle  on  a  properly  arranged  balance  when 
the  first  reading  is  taken,  and  again  balancing  at  the  end  of  a  suitable 
periotl — ten  to  fifteen  minutes.  The  candle-power  of  the  unit  is 
then,  practically,  directly  proportional  to  the  amount  of  the  material 
consumed. 

The  objections  to  the  candle  as  a  unit  are  that  it  burns  with  an 
open  flame  which  is  subject  to  variation  in  height  and  to  the  efTect  of 
air  currents.  The  color  of  the  light  is  not  satisfactory,  being  too 
rich  in  the  red  rays,  and  the  composition  of  the  spermaceti  is  more  or 
less  uncertain. 

The  German  Candle  is  made  of  very  pure  paraffine,  burns 
with  a  normal  flame  height  of  50  millimeters,  and  is  subject  to  the 
same  disadvantages  as  the  English  candle.  It  may  be  necessarj'  to 
trim  the  wick  to  keep  the  flame  height  at  50  millimeters.  The  light 
given  is  a  trifle  greater  than  for  the  spermaceti  candle. 

The  Carcel  Lamp  is  built  according  to  very  careful  specifications 
and  burns  colza  (rape  seed)  oil.  It  has  l)een  used  to  a  large  extent 
in  F'rance,  but  its  present  application  is  limited. 

The  Pentane  Lamp  is  a  s|K'cially  constructed  lamp  burning 
pontane,  prepared  by  the  distillation  of  gasoline  between  narrow 
limits  of  tempt^rature.     This  standard  is  not  extensively  used. 

The  Amy  I  Acetate  Lamp.  This  lamp,  known  also  as  the  Hefner 
lamp,  is  at  present  the  mast  desirable  standard.  It  is  a  lamp  built 
to  very  careful  specifications,  especially  with  regard  to  the  dimension 
of  the  wick  tulx*.  It  buras  pure  amyl  acetate  and  the  flame  height 
should  be  40  millimeters.  This  flame  height  must  be  very  carefully 
adjusted  by  meaas  of  gauges  furnisheil  with  the  lamp.  Amyl  acetiite 
is  a  colorless  hydrocarbon  prepare<l  from  the  distillation  of  amyl 
alcohol  obtaine<l  from  fusil  oil,  with  a  mixture  of  acetic  an<l  sulphuric 
acids,  or  by  distillation  of  a  mixture  of  amyl  acetate,  sulphuric  acid, 
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ami  potassium  acetate.  It  has  a  definite  composition,  and  must  be 
pure  for  this  use. 

The  most  serious  disadvantage  of  this  standard  is  the  color  of 
the  Ught,  inasmuch  as  it  has  a  decidedly  red  tinge  and  is  not  readily 
compared  with  whiter  lights.  Its  value  is  affected  somewhat  by  the 
moisture  in  the  air  and  the  atmospheric  pressure,  but  it  excels  all  other 
standards  in  that  it  is  quite  readily  reproduced. 

Table  XXII  gives  the  value  of  the  candle-power  units  of  different 
laboratories  in  terms  of  the  unit  of  the  Bureau  of  Standards  and  also 
the  values  of  the  units  of  the  Carcel  and  Vernon-Harcourt  in  terms  of 
the  Hefner,  as  accepted  by  the  International  Photometric  Commission. 


TABLE  XXII 
Photometric  Units 

Bureau  of  Standards  Unit,  United  States 
Reichsanstalt  Unit,  Germany 
National  Physical  Laboratory  Unit,  England 
Laboratoiro  Central  Unit,  France 

1.000 

0.998   X   0.88 

0.984 

0.982 

Carcel 

Hefnkk 

Vernon- 

il AUCOURT 

Carcel 

Hefner 

Vernon-Harcourt  (jxjntane) 

1.00 

0.0930 

1.020 

10.75 

1.00 

10.95 

0.980 
0  0915 
1.0 

The  alx)ve  values  are  at  a  barometric  pressure  of  760  mm .  of  mercury  and  a  humid- 
ity for  the  Carcel  and  Vernon-Harcoiui;  standards  of  10.0  liters  of  water  per  cubic  meter 
of  dry  air.  The  humidity  for  the  hefner  unit  is  8.8  liters  of  water  to  one  cubic  meter 
of  dry  air. 

Working  Standards.  Incandescent  Lamp.  The  units  just  de- 
scrilK'd,  together  with  some  others,  form  reference  standards,  but  an 
incandescent  lamp  is  generally  used  as  the  working  standard  in  all 
photometers.  An  incandescent  lamp,  when  used  for  this  work,  should 
Ix'  l)urned  for  about  two  hundred  hours,  or  until  it  has  reached  the 
point  in  the  life  curve  where  its  value  is  constant,  and  it  should  then 
be  checked  by  means  of  some  standard  when  in  a  given  position  and 
at  a  fixed  voltage.  It  then  .serves  as  an  admirable  working  standard 
if  the  applied  voltage  is  carefully  regulated.  Two  such  lamps  should 
always  be  used — tlie  one  to  serve  as  a  check  on  the  other;  the  checking 
lamp  to  be  used  for  very  short  intervals  only. 
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PHOTOMETERS 

Two  light  sources  are  coinpan**!  hy  inoaas  of  a  photometer 
which,  in  one  of  its  .simplest  forms,  consists  of  what  is  known  as  a 
Bunsen  screen  mounte<l  on  a  cjirriage  Ix'tween  the  two  lights  Ining 
compared,  with  its  plane  at  Hgiit  angles  to  a  line  passing  through 
the  light  sources,  and  arninge<l  with  nurn)rs  or  prisms  so  that  lK)th 
sides  of  the  screen  may  be  ohserN'etl  at  once.  The  Bunsen  screen 
consists  of  a  disk  of  paper  with  a  portion  of  either  the  center,  or  a 
section  around  the  center,  treated  with  paraffine  so  as  to  render  it 
translucent.  If  the  light  falling  on  one  si<le  of  this  sc-reen  is  in  ex- 
cess, the  translucent  s|X)t  will  appear  dark  on  tliat  side  of  tlie  screen 
and  light  on  the  oppasite  side. 
Care  must  l)e  taken  to  see  that 
the  two  sides  of  the  screen  are 
exactly  alike,  othe^^vise  there  will 
be  an  error  introduced  in  using 
the  screens.  It  is  well  to  reverse 
tlie  screen  and  check  readings 
whenever  a  new  lot  of  lamps  are 
to  be  tested.  \Mien  the  light 
falling  on  the  two  sides  of  the 
screen  b  the  same,  the  trans- 
parent spot  disappears.  The 
values  of  the  two  light  sources  are 

.  Fig.  88.      Proof  of   the    Law    of    Inverse 

then   directly  propwrtional    to    the  Squares  by  the  Metluvl  of  Con- 

scjuare  of  their  distances  from  the  **°''''''  '^''**''^- 

screen.  As  an  example,  consider  a  16  candle-power  lamp  being 
compared  with  a  standanl  candle  on  a  photometer  with  a  3(X)-centi- 
meter  bar.  Say  the  tnmslucent  spot  disappears  when  the  screen 
is  distant  60  centimeters  from  the  standard  candle,  we  then  have 
the  proportion, 

X  :  1  =  (240)'  :  (60)-  =  16  :  1, 

showing  that  the  lamp  gives  16  candle-power. 

The  above  law  is  known  as  the  law  of  inverse  squares,  and  holds 
true  only  when  the  dimensions  of  the  light  sources  are  small  com- 
pared with  the  distance  Ix'tween  them,  and  when  there  are  no  reflecting 
surfaces  present  as  when  the  readings  are  taken  in  a  dark  room. 
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The  proof  that  the  light  varies  inversely  with  the  square  of  dis- 
tance from  the  source  is  as  follows: 

Coasider  two  spherical  surfaces,  Fig.  OS,  illuminate<J  by  a  source 
of  light  at  the  center.  The  same  quantity  of  light  falls  on  both  sur- 
faces. 

Area  of  S    =  AttR^  sq.  ft.  (R  is  in  feet.) 
Area  of  S^  =  AttR^^  sq.  ft. 
Let  Q  =  total  quantity  of  light  and  q  =  light  falling  on  unit 
surface.     Then, 


^        47r/?2 

Q 

^'        4'7rR\ 

Q 

^*       4TrR' 

.    Q 

'  4'7rR\ 

=  47rR\  :  ^nR^ 


9i 


5!i 

R' 


Fig.  69  shows  the  relation  in  another  way.  The  area  of  C,  dis- 
tant two  units  from  the 
source  of  light  A,  is  four 
times  that  of  B  which  is 
distant  one  unit. 

The  Lummer^Brodhuii 
Photometer.  In  addition 
to  the  Bunsen  screen  de- 
scribed, there  are  several 
other  forms  of  photom- 
„  _  eters,  the  most  important 

Pig.  69.     Proof  of  the  Law  of  Inverse  Squares  by      -       i  •  ,     .  t 

Method  of  Screen  Shadow.  Of  which   IS   the  Lummer- 

Brodhun,  The  essential 
feature  of  this  instrument  is  the  optical  train  which  serves  to  bring 
into  contrast  the  portions  of  the  screen  illuminated  by  the  two  sources 
of  light.     Referring  to  Fig.  70  the  screen  S  is  an  opaque  screen  which 
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reflects  the  light  falling  upon  it  from  L,  to  the  mirror  M,  when  it  is 
again  reflectc<l  to  the  pair  of  glass  prisms  A,  B.  The  surfaces  *r  are 
ground  to  fit  perfectly  and  any  light  falling  on  this  surface  will  pass 
through  the  prisms.  Light  falling  on  the  surface  ar  or  ba  will  be  re- 
flected as  shown  by  the  arrows.  We  see  then  that  the  light  from  L, 
which  falls  on  ar  and  bs,  is  reflected  to  the  eye  piece  or  telescope  T, 
while  that  fulling  on  sr  is  transmitted  to  and  absorbed  by  the  black 
interior  of  the  containing  box.     Likewise,  the  light  from  the  screen 


Ft^.  70.     Diagram  of  Lummer-Brodhun  Screen. 

L^  is  reflected  by  the  screen  M^  to  the  pair  of  prisms  A,  B.  The 
rays  falling  on  the  surface  sr  pass  through  to  the  telescope  T,  while 
the  rays  falling  on  ar  and  bs  are  reflected  and  absorbe<l  by  the  black 
lining  of  the  case.  The  field  of  light,  as  then  viewed  through  the 
telescope,  ap|)ears  as  a  disk  of  light  produced  by  the  screen  L^,  sur- 
rounded by  an  annular  ring  of  light  produced  by  L.  WTien  the 
illumination  on  the  two  sides  of  the  screen  is  the  same,  the  disk  and 
ring  appear  alike  and  the  dividing  circle  disappears. 

In  using  this  screen,  it  is  mounted  the  same  as  the  Bunsen  screen 
and  readings  are  taken  in  the  same  manner.  The  screen  and  prisms 
are  arranged  so  that  they  can  be  reversed  readily  and  two  readings 
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should  always  Ije  taken  to  compensate  for  any  inequalities  in  the  sides 

of  the  scrvvn  .ukI  the  reflecting  surfaces,  a  moan  f)f  the  two  readings 


Fig.  71.     Complete  Photometer  with  Lummer-Bnxlhun  Screen. 

serving  as  the  true  reading.     This  form  of  screen  is  used  when  es- 
pecially accurate  comparisons  are  required. 

Fig.  71  shows  a  complete  photometer  with  a  Lummer-Brodhun 
screen,  while  Fig.  72  shows  a  Bunsen  screen  and  sight  box.  In  Fig. 
71,  the  lamps  are  shaded  by  meaas  of  curtains  so  as  to  leave  only  a 
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small  openinjf  toward  the  screen.  If  the  lights  are  properly  screene<l 
photometric  measurements  may  be  made  in  rooms  having  light- 
colored  walls. 


Fiir.  72.     Runsen  Screen  and  Siirht  Box. 

The  Weber  Photometer.  As  an  example  of  a  portable  ty|>e  of 
plu)tometer,  we  have  the  Weber.  This  photometer,  shown  in  Fig.  73, 
is  very  compact  and  is  especially  adapted  to  measuring  intensity  of 
illumination  as  well  as 
the  value  of  light  sources; 
it  may  be  used  for  ex- 
ploring the  illuminativon 
of  rooms  or  the  lighting 
of  streets. 

This  apparatus  con- 
sists of  a  tube  A ,  Fig.  74, 
which  is  mounted  hori- 
zontally and  contaiius  a 
circular,  opal  glass  plate 
/,  which  is  movable  by 
means  of  a  rack  and 
pinion.  To  this  screen  is 
attached  an  index  finger 
whi<"h  moves  over  a  scale 
attache<l  to  the  outside  of 
the    tube.     A    lamp    L, 

burning  In^nzine,  is  mounted  at  the  end  of  this  tube.     The  benzine 
used  should  be  as  pure  as  possible,  and  the  flame  height  should  be 


Fig.  73.    Weber  PorUble  Photometer. 
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carefully  adjusted  to  20  mm.  when  taking  readings.  At  right  angles 
to  the  tube  A  is  mounted  the  tube  B  which  contains  an  eye  piece  at 
O,  a  Lummer-Brodhun  contrast  prism  at  p,  and  a  support  for  opal  or 
colored  glass  plates  at  g. 

Operation.  The  tube  B  is  turned  toward  the  source  of  light  to 
be  measured,  the  distance  from  the  light  to  the  screen  at  g  being  noted. 
The  light  from  this  source  is  diffused  by  the  screen  at  g,  while  that 
from  the  standard  is  diffused  by  the  screen  /.  By  moving  ihe  screen 
/,  the  light  falling  on  either  side  of  the  prism  p  can  be  equalized. 
The  value  of  the  unknown  source  can  be  determined  from  the  reading 
of  the  screen  /,  the  photometer  having  previously  been  calibrated  by 

means  of  a  standard  lamp 
in  place  of  the  one  to  be 
measured.  The  calibra- 
tion may  be  plotted  in  the 
form  of  a  curve  or  it  may  be 
denoted  by  a  constant  C, 
when  we  have  the  formula, 


Q 


h 


n 


1 1 1 1 1 1 1  ■  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 


Al 


r  ^  c 


p 


r& 


C  corresponds  to  a  par- 
ticular plate  Sit  g,  I  =  dis- 
tance of  screen  /  from  the 
benzine  lamp,  and  L  =  dis- 
tance from  the  screen  g  to 
the  light  source  being 
measured.  Screens  of  dif- 
ferent densities  may  be 
used  at  g,  depending  on 
the  strength  of  the  light  source. 

When  used  for  measuring  illumination,  a  white  screen  is  used 
in  connection  with  this  photometer.  The  screen  is  mounted  in  front 
of  the  opening  at  g,  and  turned  so  that  it  is  illuminated  by  the  source 
being  considered.  Readings  of  the  screen  /  are  taken  as  before.  A 
calibration  curve  is  plotted  for  the  instrument,  using  a  known  light 
source  at  a  known  distance  from  the  white  screen  when  the  instru- 
ment is  mounted  in  a  dark  room. 


Fig.  74.     Diagram  of  Weber  Photometer. 
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Portable  Photometers.  'Hiere  is  a  large  variety  of  portable 
photometers  availahle  ami  giving  more  or  less  satisfactory  results. 
An  instrument  esiK^cially  designed  with  a  view  to  portability  and  to 
overeoming  some  of  the 
defects  of  instalments 
already  on  tlie  market 
has  recently  been  intro- 
duce<l.  The  instrument 
n-ferred  to  is  called  a 
Universal  photometer  but 
it  is  more  commonly 
known  as  the  Sharp- 
Millar  photometer  from  the  names  of  its  inventors.  Views  of  this 
instrument  are  shown  in  Figs.  75  and  76.  It  is  adapted  to  the  meas- 
urement of  the  intensity  of  light  sources  as  well  as  to  the  illumination 
at  any  point,  as  is  the  Weber  photometer.  ITie  photometer  screen 
or  photometric  device  is  shown  at  B,  and  consists  of  a  special  form  of 


FIflr.  75.     Universal  Photometer. 


F\k-  70.     Sei  tional  View  of  Universal  Phot<iineter. 

Lummer-Brotlhun  optical  screen.  A  standardi/(d  incandes<'ent 
lamp  C  is  u.seil  as  the  photometric  standard  and  this  may  be  cim- 
nected  to  a  battery,  or  be  adapted  to  use  on  the  maias  supplying  the 
lamps  in  the  room  where  measurements  are  to  be  taken.  All  stray 
light  b  carefully  screenetl  from  tlie  interior  of  the  box  by  a  series  of 
screens  G.  T[\e  instrument  scale  is  calibrated  in  foot-candles  and  in 
candle-powers. 
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When  illumination  is  to  be  measured,  a  specially  selected  trans- 
luscent  screen  is  placed  at  A  and  the  illumination  of  this  plate,  which 
is  placed  at  the  point  and  in  the  plane  where  the  value  of  the  illumi- 
nation is  desired,  is  reflected  to  the  photometric  device  by  the  mirror 
at  H.  A  second  plate  K  is  mounted  so  as  to  be  illuminated  by  the 
standard  lamp  and  the  photometer  is  balanced  by  making  the  illumi- 
nation of  A  and  K  the  same.  When  the  intensity  of  a  light  source 
is  to  be  determined,  the  screen  at  A  is  replaced  by  a  small  aperture 
and  a  diffusing  surface  /  is  put  in  place  of  the  mirror  H.  The  illumi- 
nation of  /  is  now  compared  with  the  illumination  of  K,  and  when 
the  two  are  made  equal,  the  photometer  reads  the  candle-power  of  the 
light  source,  or  some  multiple  of  this  •  candle-power.  The  range  of 
this  instrument  is  increased  by  the  use  of  suitably  arranged  absorbing 
screens  which  may  be  readily  inserted  or  removed,  and  as  ordinarily 
equipped,  the  range  in  foot-candles  is  approximately  from  .004  to 
2,000.  The  variety  of  uses  which  can  be  made  of  such  a  photometer 
is  large,  and  some  idea  of  its  portability  can  be  obtained  from  the 
dimensions  of  the  box,  24"  x  4|"  x  5",  and  its  weight,  fully  equipped, 
of  8  pounds.     It  is  very  accurate  considering  its  compactness. 

Integrating  Photometers.  Matthews.  This  photometer  is  used 
to  some  extent  and  a  very  good  idea  of  its  construction  can  be  ob- 
tained from  Fig.  77.  By  means  of  a  system  of  mirrors,  the  light 
given  by  the  lamp  in  several  directions  may  be  integrated  and  thrown 
on  the  photometer  screen  for  comparison  with  the  standard,  the  result 
giving  the  mean  spherical  candle-power  from  one  reading.  By  cover- 
ing all  but  one  pair  of  screens,  the  light  given  in  any  one  direction 
is  easily  determined. 

Another  type  of  integrating  photometer  is  known  as  the  inte- 
grating sphere  or  globe  photometer.  If  a  light  source  is  placed  within 
a  sphere,  the  interior  walls  of  which  are  coated  with  a  white  diffusing 
surface,  the  illumination  of  that  surface  at  any  point  is  due  partly 
to  the  light  falling  on  it  directly,  and  partly  to  the  light  reflected  from 
the  remainder  of  the  surface  of  the  sphere.  The  reflected  light  is 
proportional  to  the  total  flux  of  light  from  the  light  source  and  so, 
if  the  direct  light  is  screened  from  the  point  considered,  its  illumina- 
tion is  proportional  to  the  total  flux  of  light,  and  hence  to  the  mean 
spherical  candle-power  of  the  light  source. 

The  practical  application  of  this  principle  is  to  so  arrange  our 
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properly  coated  sphere  that  the  lamp  to  be  tested  may  be  readily 
insertctl;  to  replace  a  small  portion  of  the  sphere  by  a  piece  of  un- 
polished white  glass;  to  shut  off  the  direct  rays  of  the  lamp  to  be 


FUr.  77.     Integrating  Photometer. 

measured  from  thi.s  pla.ss  surface;  and  to  so  moimt  a  photometer 
M'reen  and  standard  lani|>  that  the  ilhiininadoii  of  the  glass  .section 
can  Ih*  nieasurc<l.  I'ndcr  thcsf  cunditions  the  illumination  of  the 
glass  screen  is  proportional  to  the  mean  spherical  candlc-j>ower  of  the 
lamp  under  test.    A  substitution  method  is  used  in  practice.     A 


101 


88 


ELECTRIC  LIGHTING 


standardized  lamp  of  the  general  type  of  the  one  to  be  tested  is  mounted 
in  the  sphere  and  the  constant  of  the  instrument  for  this  type  of  lamp 
is  determined.  The  unknown  lamps  are  then  put  in  place  and  their 
candle-power  is  readily  determined,  once  the  constant  of  the  instru- 
ment is  known.     Figs.  78  and  79  give  some  views  of  the  integrating 


Fig.  78.    Eighteen-Inch  Integrating  Sphere  Equipped  with  Photometw. 

sphere  and  indicate  the  range  of  the  sizes  in  which  it  may  be  con- 
structed. 

INCANDESCENT  LAMP  PHOTOMETRY 

Apparatus.  Some  sort  of  screen,  either  the  Bunsen  type  or  the 
Lummer-Brodhun  screen  preferred,  should  be  mounted  on  a  carriage 
moving  on  a  suitable  scale,  and  the  lamp  holders,  one  for  the  standard, 
the  other  for  the  lamp  to  be  tested,  are  mounted  at  the  ends  of  this 
scale.  There  are  several  types  of  so-called  station  photometers 
arranged  so  as  to  be  very  convenient  for  testing  incandescent  lamps. 
Fig.  80  shows  one  form  of  station  photometer  manufactured  by 
Queen  &  Co.  The  controlling  rheostats  and  shielding  curtains  are 
not  shown  here.    Fig.  81  shows  a  form  of  portable  photometer  for 
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incandescent  lamps.  The  length  of  scale  should  not  Ije  less  than 
U)0  centimeters,  and  ir)0  to  200  centimeters  is  preferrwl.  Tliis  scale 
may  be  <livide<l  into  centimeters  or,  for  the  purpose  of  doing  away 
with  much  of  the  calculation,  the  scale  may  be  a  proportional  scale. 
This  scale  is  base<l  on  the  law  of  inverse  stjuares  and  reads  the  inverse 
ratio  of  the  squares  of  the  distances  from  tlie  two  lights  being  compare<i. 


■1 

,  c 

FiK.  70.     IntArior  nt  84)-Iiirh  InteKratiiiK  Sphere. 

If  the  standard  usc<l  always  has  the  same  value,  the  scale  may  be 
made  to  read  in  candle-powers  directly. 

For  mean  horizontal  candle-power  measurements,  the  lamp 
should  1h?  rotated  at  180  revolutions  per  minute,  when  mounted  in  a 
vertical  jX)sition. 

For  distribution  curvts  a  universal  lamp  holder  which  will 
allow  the  lamp  to  he  placed  in  any  position,  and  which  indicates  this 
position,  is  used. 

For  mean  spherical  can(lU'-jK)wer,  the  following  method  is  used, 
when  the  Matthews  photometer  is  not  available: 
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The  lamp  is  placed  in  an  adjustable  holder  and  readings  taken 
with  the  lamp  in  thirty-eight  positions,  as  follows : 

The  measurement  of  the  spherical  intensity.  For  convenience 
the  tip  of  the  lamp  and  its  base  may  be  termed  the  north  and  south 
poles  respectively 


Pig.  80.     station  Photometer. 

The  mean  of  13  readings  taken  at  intervals  of  33°,  is  taken  to  give  the 
mean  horizontal  candle-power. 

Beginning  again  at  0°  azimuth,  thirteen  readings  are  made  in  the  prime 
meridian  or  vertical  circle,  the  interval  again  being  30°,  and  the  last  reading 
checking  the  first. 


Fig.  81.     Portable  Photometer  for  Incandescent  Lamps. 

It  will  be  noticed  that  four  readings,  two  being  check  readings,  have  been 
made  at  0°  azimuth  in  each  case.  The  mean  of  the  four  is  taken  as  the  standard 
reading,  it  being  the  value  of  the  intensity,  in  this  position,  should  the  lamp  be 
used  as  a  standard. 

Additional  sets  of  thirteen  readings  each — the  last  reading  checking  the 
first  one — are  similarly  made  on  each  of  the  vertical  circles  through  45°,  90**, 
and  135**  azimuth. 
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In  combining  the  readings  for  the  mean  spherical  intensity,   a  note  is 
taken  of  the  repetitions. 

Neglecting  the  repetitions,  which  may  also  be  omitted  in  part,  in  the 
practice  of  the  method,  there    remain  thirty-eight  points,  as  follows: 

DisTmiacTKD 

V  ALDBS 

The  mean  of  four  measurements  at  the  north  pole  of  the  lamp 1 

Four  measurements  on  each  of  the  vertical  circles  through  0®  and  90* 

azimuth  at  vertical  circle  readings  of  60*,  120**,  240®,  and  300'.. . .       8 
Four  measurements  on  each  of  the  vertical  circles  through  0",  45",  90", 
and  135*  azimuth  at  vertical  circle  readings  of  30*,  150*.  210*,  and 

330* 16 

Twelve  measurements  30*  apart  at  the  e<|uat<>r 12 

Four  null  values  at  the  south  pole  of  lamp ...  1 

Total  number  of  effective  measurements 38 

The  points  thus  laid  off  on  tlie  reference  sphere  are  approximately  equi- 
distant,  being  somewhat  closer  together  at  the  equator  than  at  the  poles. 

When  the  lamp  is  rotated,  readings  are  taken  for  each  15°  or  30° 
in  inclination,  from  0°  to  9()°,  and  fcom  0°  to  270°.  These  are  inte- 
grated values  for  their  corresponding  parallels  of  latitude  on  the  unit 
sphere. 

The  mean  spherical  candle-power  from  these  readings  may  best 
be  obtained  by  plotting  a  distribution  curve  from  the  readings,  deter- 
mining the  area  of  this  closed  curve  by  means  of  a  planimeter  and 
taking  the  radius  of  an  equivalent  circle  as  the  value  for  the  mean 
spherical  candle-power. 

llie  Rounseau  diafjram  may  be  used  for  determining  the  mean 
spherical  candle-power  of  a  lamp  when  its  vertical  distribution  curve 
is  known.  Fig.  82  shows  such  a  diagram  made  up  for  a  gem  lamp 
with  a  lx>wl  reflector.  Where  the  horizontal  distribution  curve  of  the 
lamp  is  net  uniform  the  valuer  for  the  vertical  distribution  cur\'e 
should  Ije  taken  with  the  lamp  rotating  .so  as  to  give  average  values 
at  each  angle.  One-half  of  the  distribution  curve  is  drawn  to  scale  A 
and  a  cirele  B  is  drawn  with  the  source  of  light  O  as  a  center.  Iladii 
C  are  drawn  at  equal  angles  about  the  light  source  and  extended  until 
they  intersect  the  circle  B.  The  points  of  intersection  of  these  lines 
with  the  cirele  are  projecte<l  upon  the  straight  line  1)  K.  Distances 
from  this  line  are  laid  off  on  the  vei*ticals  F  equal  to  the  distances 
from  the  center  of  the  cirele  to  the  points  where  the  corresponding 
radii  cut  the  distribution  curve.  The  area  enclosetl  between  the 
,  straight  line  1)  E  and  a  curve  drawn  through  the  points  just  deter- 
mineil,  0 II,  divided  by  the  base  line,  b  e(|ual  to  tlic  mean  spherical 
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candle-power  of  the  lamp.  If  the  mean  candle-power  of  the  lamp 
within  a  certain  angle  is  desired,  it  is  only  necessary  to  find  the  area 
of  the  diagram  within  the  space  indicated  by  that  angle  and  divide 
by  the  corresponding  base. 
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Fig.  82.    Rousseau  Diagram  for  Gem  Lamp  with  Bowl  Reflector. 

In  all  tests  the  voltage  of  the  lamp  must  be  very  closely  regulated. 
A  storage  battery  forms  the  ideal  source  of  current  for  such  purposes. 
In  testing  incandescent  lamps,  a  standard  similar  to  the  lamp  being 
tested  is  desirable  and  it  should,  preferably,  be  connected  to  the  same 
leads.  Any  variation  in  the  voltage  of  the  mains  then  affects  both 
lamps  and  the  error  introduced  is  slight. 
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ARC  LIGHT  PHOTOMETRY 

Owing  to  the  variation  of  the  amount  of  light  given  out  by  an 
arc  lamp  in  one  direction  at  any  time,  due  to  variation  of  the  qualities 
of  the  carbons,  position  of  the  arc,  and  also  on  account  of  the  color 
of  the  light,  etc.,  the  photometry  of  arc  lamps  is  much  more  difficult 
than  that  of  incandescent  lamps.  The  curves  shown  in  Figs.  33  and 
34  are  average  distribution  curves  taken  from  several  lamps  and  will 
vary  considerably  for  any  one  lamp.  If  the  arc  is  enclosed,  this 
,  variation  is  not  so  great. 

The  working  standard  should  be  an  incandescent  lamp  run  at 
a  voltage  above  the  normal  so  that  the  quality  of  the  light  will  com- 
pare favorably  with  that  of  the  arc.  Since  an  incandescent  lamp 
deteriorates  rapidly  when  run  at  over  voltage,  the  standard  can  be 
used  only  for  short  intervals  and  must  be  frequently  checked. 

Since  an  arc  lamp  can  be  mounted  in  one  position  only,  mirrrors 
must  be  used  to  obtain  distribution  curves.  A  mirror  is  used  mounted 
at  45°  with  the  axis  of  the  photometer,  and  arranged  so  as  to  reflect 
the  arc  when  in  different  positions.  A  mirror  absorbs  a  certain  per 
cent  of  the  light  falling  upon  it  and  this  percentage  must  be  deter- 
mined l)y  using  lamps  previously  standardized.  ITie  length  of  the 
photometer  bar  must  include  the  distiince  from  the  mirror  to  the  arc. 

The  Weber  photometer  is  well  adapted  to  arc-light  measure- 
ments inasmuch  as  appropriate  screens  may  be  used  to  cut  down 
the  intensity  of  the  light. 

A  special  form  of  the  Matthews  photometer  is  also  used  for 
testing  arc  lamps. 

For  the  comparison  of  the  illumination  from  arc  lamps  as  in- 
stalle<l  in  service,  an  instrument  known  as  an  illuminomder  is  some- 
times use<l.  This  consists  of  a  light  wooden  Ih)x,  readily  portable, 
having  a  black  interior  and  arranged  with  two  openings.  One 
of  these  openings  is  for  the  purpase  of  admitting  light  from  the  source 
l)eing  considered,  to  a  printed  card.  The  other  opening  is  for  the 
purpose  of  viewing  this  card  when  illuininatcil  by  the  light  source. 
The  printing  on  the  card  is  made  up  from  type  of  different  sizes,  and 
the  smallest  size  which  is  legible,  together  with  the  distance  from  the 
light  source,  is  note<l.  Another  methtxl  of  application  is  to  seU'ct 
some  definite  size  of  ty|)e  and  then  to  move  the  instrument  from  the 
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light  source  to  a  point  where  this  type  is  just  legible  and  note  the  dis- 
tance. From  similar  measurements  taken  on  different  lamps  a  good 
comparison  may  be  obtained.  Such  an  instrument  is  very  convenient 
to  use,  and  results  obtained  by  different  observers  check  very  closely. 

The  flicker  photometer  is  used  for  the  comparison  of  different 
colored  lights,  the  basis  for  comparison  being  that  each  light,  though 
different  in  color,  shall  produce  light  sensations  equally  intense  for  the 
purpose  of  distinguishing  outlines.  It  consists,  in  one  form,  of  an 
arrangement  by  means  of  which  a  sectored  disk  is  rotated  in  front  of 
each  light  source,  these  disks  being  so  arranged  that  the  light  from 
one  source  is  cut  off  while  the  other  falls  on  the  screen,  and  vice  versd, 
any  form  of  screen  being  used  for  making  the  comparison.  The  disks 
must  be  revolved  at  such  a  rate  that  the  light,  viewed  from  the  oppo- 
site side,  will  appear  continuous.  When  the  illumination  of  the  two 
sides  of  the  screen,  under  these  conditions,  is  not  the  same,  there  will 
be  a  perceptible  flicker  and  the  screen  should  be  so  adjusted  that  this 
flicker  disappears.  The  value  of  the  light  source  can  then  be  calcu- 
lated from  the  screen  reading  in  the  usual  manner.  Another  device 
consists  of  the  use  of  a  special  lens  mounted  in  front  of  a  wedge- 
shaped  screen,  the  lens  being  constructed  so  as  to  reverse  the  image 
of  the  two  sides  of  the  screen,  as  viewed  by  the  eye,  when  such  lens 
is  in  front  of  the  screen.  The  lens  is  so  mounted  that  it  can  be  oscil- 
lated rapidly  in  front  of  the  screen,  giving  the  same  result  as  would  be 
obtained  were  it  possible  to  reverse  the  screen  at  such  a  rapid  rate  as 
to  cause  the  illumination  on  the  two  sides  to  appear  continuous.  The 
setting  of  this  screen  is  accomplished  as  with  the  more  simple  forms. 

Still  another  flicker  photometer,  the  Simmance-Abady,  makes 
use  of  a  rotating  wheel.  This  wheel  is  made  of  a  white  material 
having  a  diffusing  surface,  and  its  edge  is  so  beveled  that  during  part 
of  a  revolution  a  surface  illuminated  by  one  of  the  light  sources  is 
viewed  through  the  eye-piece  of  the  instrument,  and  during  the  other 
part  of  the  revolution  a  surface  viewed  by  the  second  light  source  is 
observed.  The  flicker  occasioned  by  this  change  disappears  when 
the  screen  is  brought  to  a  point  where  it  is  equally  illuminated  by  the 
two  light  sources. 

By  the  use  of  such  forms  of  photometers  it  is  found  that  results 
with  different  colored  lights  can  be  obtained,  which  are  comparable 
with  results  obtained  with  lights  of  the  same  color. 
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PART  I. 


The  general  name  "electric  railway"  is  applied  to  all  railways 
eniploying  electric  motors  to  supply  power  for  the  propulsion  of  cars. 
( )n  all  electric  railways  in  commercial  use  to-day,  the  electric  motor 
is  used  to  furnish  j)ower  to  the  driving  wheels  of  the  car  or  locomotive, 
the  electric  motor  being  the  most  efficient  known  means  of  transfonn- 
ing  electrical  into  mechanical  energj'. 

Ele<*tric  railways  are  usually  classified  according  to  the  methods 
hy  which  current  is  supplied  to  the  moving  car.  Thus,  where  an 
overhead  trolley  wire  is  used,  as  on  the  great  majority  of  electric  rail- 
ways, the  term  trolley  road  is  applie<l.  Where  an  insulated  steel  rail 
is  laid  alongside  the  track  rail  for  supplying  current,  as  on  the  "ele- 
vated" roatls  in  America  and  on  a  few  interurban  mads,  the  terra 
third-rail  road  is  used.  Where,  as  on  the  street  railways  of  a  few 
large  cities  the  conductors  are  placed  in  a  conduit  underneath  the 
surface  of  the  .street,  and  current  is  taken  by  means  of  a  plow  or  shoe 
running  in  the  conduit,  the  name  electric-conduit  railway  is  most  com- 
monly applie<l.  There  are  also  a  few  systems  using  conductors  buried 
l)eneath  the  pavement,  and  having  contact  buttons  or  sections  of 
conductor  rail  on  the  street  surface,  which  sections  are  supplied  with 
current  by  automatic  electromagnetic  switching  apparatus  as  the 
car  passes,  but  which  are  nornuiUy  dead  and  harmless.  The  over- 
heatl  trolley  and  the  third-rail  systems  are  by  far  the  most  common. 

A  further  general  classification  of  electric  railways  has  recently 
lieen  made  l)e<*ause  of  the  intnxluction  of  alternating-current  railway 
motors.  The  great  majority  of  ele<'tric  railways  employ  direct- 
current  motors.  Where  alteniating-current  motors  are  use<l,  the 
road  is  spoken  of  as  one  using  single-phase  alternating-current  motors 
or  three-phase  alternating-current  motors,  as  the  case  may  l>e. 

All  electric  railway  systems  in  commerc'al  use  are  operated 
on  an  approximately  constant  potential  or  voltage,  and  the  various 
electric  motor  cars  o{)erating  on  the  system  are  connected  across 
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the  lines  in  parallel.  The  most  common  practice  is  to  utilize  the 
rails  and  ground  as  one  side  of  the  circuit,  and  the  overhead  trolley 
wire  or  "third  rail"  as  the  other  side,  as  in  Fig.  1.  The  trolley  wire 
or  third  rail  is,  of  course,  thoroughly  insulated  from  the  ground. 
The  positive  poles  of  the  generators  at  the  power  house  are  usually 
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connected  to  the  trolley  wire,  and  tlie  negative  poles  to  the  rails 
and  ground.  The  various  electric  motor  cars,  being  connected  in 
parallel  or  multiple  between  the  trolley  wire  and  the  ground,  draw 
whatever  current  is  necessary  for  their  operation.  Where  the  conduit 
system  is  used,  both  sides  of  the  circuit  are  insulated  from  the  ground, 
and  the  contact  shoe  or  plow  collects  current  from  two  conducting 
rails  in  the  conduit,  one  of  these  conducting  rails  being  positive  and 


Pig.  2.    Railway  Motor. 

the  other  negative.  A  double-trolley  system  is  also  in  use  to  a  limited 
extent.  In  this  system,  both  the  positive  and  the  negative  sides  of 
the  circuit  are  insulated  from  the  ground,  one  trolley  wire  being 
positive  and  the  other  negative. 

Further  discussion  of  the  matters  just  outlined  will  be  taken 
up  in  the  succeeding  pages. 
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ELECTRIC   RAILWAYS  8 

CAR  EOUIPHENT. 
MOTORS. 

The  voltage  most  commonly  employed  by  electric  railways  is 
500  to  600;  and  the  motors  are  500-volt  direct-current  series-wound 
motors,  designed  especially  for  railway  ser\'ice.  The  electric  railway 
motor  must  l>e  dustpnx)f  and  waterproof  Ijecause  of  the  position  it 
occupies  under  the  car.  For  this  reason  electric  railway  motors  are 
made  in  the  fonn  of  a  steel  case  (Fig,  2),  which  entirely  surroimds 
the  field-magnet  poles  and  takes  the  place  of  the  yokes  or  frames 
that  support  the  fields  on  stationary  motors.  Cast  steel  is  the  material 
now  usually  employe<l  for  railway  motor  cases  and  fields,  on  account 


Fig.  8.     K»llway  Motor.     T'pper  Fl»»ltt  Raised. 


of  its  mechanical  strength  and  its  high  magnetic  permeability,  Tlie 
four  poles  project  inwardly  from  the  case,  as  seen  in  the  open  motor 
case,  Fig,  3,  which  is  that  of  a  Westinghouse  No.  G9  motor. 

Railway  motors  have  usually  four  poles  because  this  permits 
of  a  sjTnmetrical  and  economical  arrangement  of  material  around 
the  armature,  and  hence  p>ermits  the  motor  to  be  placed  in  the  small 
space  available  on  the  car  truck.  Two-pole  motors  have  been  use<l 
in  the  past,  but  they  were  not  as  compact  as  the  four-pole  type 

Characteristics  of  Railway  Motors.  Tlie  cun'e  sheet.  Fig. 
4,  for  tlie  Westinghouse  No,  09  motor  represents  in  general  the  char- 
acteristics of  all  direct-current  railway  motors. 

Tlie  figures  for  each  curve  are  found,  with  names  corresponding 
to  the  curve  to  which  they  apply,  at  each  side  represented  by  vertical 
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distance  on  the  sheet.  The  amperes,  represented  by  the  horizontal 
distance,  are  marked  at  the  bottom,  and  apply  in  common  to  all  the 
curves. 

The  tractive  effort  at  different  current  consumption  is  represented 
by  a  line  curving  upwards  somewhat.  This  shows  that  the  tractive 
effort  increases,  in  a  proportion  greater  than  directly,  as  the  current 
increases. 

The  torque  required  in  starting  may  be  many  times  greater  than 
that  necessary  to  maintain  the  car  at  full  speed.     The  series-wound 
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Fig .  4.    Characteristic  Curves  of  Railway  Motor. 
motor,  therefore,  furnishes  this  great  starting  torque  more  economically 
than  a  .shunt-wound  motor  the  torque  of  which  is  proportioned  to  the 
current.     This  feature  of  the  series-wound  motor  makes  it  especially 
adaptetl  to  street  railway  work. 

The  efficiency  curve  shows  the  motor  to  have  an  efficiency  of 
about  83  per  cent  with  gears.  Much  other  information  may  be 
obtained  by  a  proper  study  of  the  curves. 
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The  fields  are  worked  near  the  point  of  magnetic  saturation. 
This  economizes  metal  and  space  and  is  also  an  advantage  l)ecause 
of  the  fa<'t  that  when  so  worked  the  armature  reactions  have  ver>' 
httle  effect  on  the  *  fields.  The  neutral  |K)ints  l>etween  fields  are 
consetjuently  shifte<l  ver\'  little  and  it  is  therefore  not  necessary  to 
shift  the  hruslies  when  the  motor  is  reversed. 

Armature  Winding.  The  amuiture  winding  is  what  is  com- 
monly known  as  the  series  or  wave  winding,  shown  developed  in 
the  paper  on  Direct-Current  Dyna- 
mos. This  winding  is  shown  in 
Fig.  5,  which  is  an  en<l  view  of  an 
armature  and  commutator.  In  the 
figure,  however,  the  armature  is 
shown  with  a  much  smaller  number 
of  slots  than  a  railway  armature 
should  have  in  practice.  One  reason 
for  the  emplo^inent  of  the  wave  or 
series  winding  on  railway  motor 
armatures,  is  that  with  this  wind- 
ing no  cross-connections  are  neces- 
sar>'  when  only  two  brushes  are 
us«l,  and  these  two  brushes  may  l)e  place<l  90°  apart  in  a  convenient 
and  accessible  j)osition.  Another  reason  is  that  the  current,  in  flow- 
ing from  one  brush  on  the  commutator  to  another,  must  always  pass 
through  the  magnetic  field  of  all  four  of  the  motor  poles.  This  makes 
it  impossible  for  any  unbalancing  of  the  magnetic  ciwuit  to  cau.se  more 
current  to  flow  through  one  jxirtion  of  the  armature  than  is  flowing 
through  another  |H)rtion.  In  a  railway  motor  it  has  been  found  (piite 
possible  to  have  one  jjole  or  pair  of  poles  exerting  a  greater  magnetic 
attraction  tm  the  armature  than  another  pair,  owing  to  «lifferences  in 
the  mm  an<l  differences  in  the  clearance  l>etween  the  annature  and 
|K)le  pie<'es,  wiiich  differences  cause  more  magnetic  lines  of  fort*  to 
flow  fnim  some  jH)le  pieces  than  from  others.  With  the  lap-annature 
or  the  ring-annature  winding,  since  the  various  portions  of  the 
annatur(>  under  different  |)oles  are  in  parallel  with  one  another,  any 
tiifference  in  the  magnetic  flux  l)etween  <iifferent  poles  will  cause  a 
different  amount  of  current  to  flow  in  the  various  paths  through  the 
annature. 


Pig.  6.    Arinatun-  WlndlnR. 
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By  reference  to  the  winding  diagram  given  in  Fig.  5,  it  may  l>e 
noted  that  a  complete  circuit  through  two  coils  ends  at  the  seg- 
ment adjacent  to  the  one  fn)in  which  the  start  was  nitule.  It  may 
also  Ijc  noted  in  the  tahle  of  motor  data  that  all  of  the  armatures 
have  an  odd  numl)er  of  segments  an<l  an  (nld  numl)er  of  slots.  U 
is  absolutely  neirssarj'  in  a  wave  winding  to  have  an  <Mld  numl^er 
of  segments.  Otherwise  the  winding  could  not  1h'  made  symmetrical 
and  the  circuit  through  two  ct)ils  l>e  made  to  return  to  a  segment 
adjacent  to  that  from  which  the  start  was  made.  With  equal  spacing 
between  the  top  and  bottom  leads  of  the  two  coils,  an  even  numl)er 
of  s^ments  woul«l  make  the  circuit  return  either  <»n  the  segment 
from  which  the  start  was  made  or  two  segments  from  it. 

The  first  drum-wound  street  railway  motor  armatures  had  as 
many  slots  in  the  armature  as  there  were  coils  and  segments.  The 
great  number  of  slots  necessarily  made  the  teeth  very  thin  and  con- 
sequently weak.  This  is  verj'  objectionable  as  son.etimes  the  arma- 
ture bearings  wear  away,  allowing  the  face  of  the  armature  to  drag 
on  the  pole  pieces  and  thin  teeth  are  bent  out  of  sha|>e. 

Armatures  are  now  almost  entirely  constructed  with  either  two 
or  three  coils  to  a  slot.  When  two  coils  are  used  in  each  slot  with 
an  odd  number  of  slots  an  even  number  of  coils  results.  If  these  were 
all  connected  to  the  commutator  an  even  number  of  segments  would 
lie  necessan*'.  As  this  is  not  possible  with  a  wave  winding,  one  of 
the  coils  is  "cut  out."  The  ends  are  cut  short  and  taped  and  it  is 
termed  a  "dead"  coil.  This  makes  the  winding  somewhat  unsyra- 
metrical,  all  the  coils  not  bearing  the  same  angular  relation  to  the 
commutator  segments  to  which  they  are  connected.  This  difference 
is,  however,  not  great  enough  to  affect  the  operation  of  the  machine. 

The  Westinghouse  49  motor  is  an  e.xample  of  an  armature  i**ith 
a  dead  coil.  By  reference  to  the  table  of  motor  data  it  will  be  seen 
chat  this  armature  has  .59  slots.  Two  coils  in  each  slot  would  make 
118  coils.     One  of  these,  however,  is  cut  out,  giving  117  segments. 

Cutting  out  a  coil  can  be  avoided  by  putting  three  coils  in  each 
slot. 

An  odd  numl>er  of  coils  results  then  no  matter  wliat  tlie  numl>er 
of  slots  nr.ay  be.  In  the  majority  of  examples  given  in  tlie  table 
there  are  three  times  as  many  s^^ents  as  slots. 
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The  sides  of  the  slots  of  modem  street  railway  armatures  are 
straight.  The  coils  are  prevented  from  flying  out  by  bands  of  wire 
extending  over  the  tops  of  the  coils  around  the  armature.  Steel 
or  silicon  bronze  wire  of  about  No.  14  gauge  is  used.  Recesses  are 
made  in  the  armature  teeth  for  the  reception  of  these  bands  so  that 
the  wire  when  wound  will  come  flush  with  the  face  of  the  armature. 
The  bands  are  usually  f  to  I2  inches  wide.  The  wires  are  well 
soldered  together  to  secure  them  in  place.  One  trouble  experiencetJ 
with  armatures  is  the  slipping  off  of  these  bands.  The  heated 
armature  expands  and  stretches  them.     When  the  armature  cools 


Fig.  6,    Armature  Coil. 

the  bands  are  loose  and  then  often  slip  off.  When  they  do  so  the 
coils  fly  out  by  centrifugal  force,  strike  the  pole  pieces  and  ground 
the  motor. 

Armature  Coils.  Railway  motor  armatures  are  to-day  uni- 
versally constructed  with  form-wound  coils,  which  are  wound  on 
a  form  of  proper  shape  and  carefully  insulated  before  being  placed 
in  the  armature. 

The  coils  of  the  smaller  motors  (those  up  to  40  or  50  horsepower) 
are  usually  wound  with  round  wire.  The  cotton  covering  of  the  wire 
is  depended  upon  for  insulation.  To  strengthen  this,  however,  the 
coils  after  being  wound  are  immersed  in  an  insulating  compound 
and  then  baked  in  an  oven.  The  whole  coil  is  usually  wrapped  with 
insulating  tape  (See  Fig.  6).  The  armatures  of  larger  motors  have 
coils  made  of  copper  bars.  Mica  is  often  placed  between  and  around 
the  bars  for  insulation,  though  oiled  linen  cloth  tape  cut  bias"  is  also 
employed,  especially  in  repair  work. 

Field  Coils.  Field  coils  are  so  constructed  that  they  may 
be  readily    >noved  should  they  become  grounded  or  short-circuited. 
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Some  makers  wind  them  on  a  brass  shell  or  form  which  is  slipped 
over  the  jx)le  piece.  In  some  motors  the  field  coiLs  are  composed 
of  copper  riblxin,  wound  bare,  with  riblxins  of  insulating  material 
between  the  turns.  Fiekl  coils  of  wire  for  the  smaller  motors,  if  not 
wound  on  shells,  are  wound  on  forms  an<l  before  completion  are 
taped  in  such  a  manner  that  they  will  hold  their  shape  without  being 
enclosed  in  a  spotil.  The  termi- 
nals are  brought  out  where  they 
will  be  of  easy  access  when  the 
field  is  in  place  (See  Fig.  7). 

Armature  Leads.  In  Fig. 
'i  is  .seen  a  completed  annaturc 
in  the  motor  casing  of  a  Wcsting- 
hou.se  No.  69  motor.  Since  the 
motors  are  four-pole,  the  two  sides 
of  any  one  coil  occupy  slots  \H)° 
apart  in  the  armature  coil,  as  iii- 
dicate<l  in  Fig.  5.  Theenfis  of  the 
coils  are  c<mnecte<l  to  commutator 
bars  lsri°  apart.  The  relative 
position  of  the  commutator  con- 
nei'tions  of  any  armature  coil  can. 
of  course,  l>e  varied  .so  as  to  bring 
the  briKshes  in  the  mo.st  convenient  jKwition  in  the  motor  casing. 
Bnishes  are  always  of  carlwjn,  and  are  place<l  where  they  can  Ik*  ea.sily 
reached  from  the  opening  in  the  motor  casing  over  the  commutator. 

Motor  Leads.  The  reversing  of  the  current  through  the 
armature,  independent  of  the  field  current,  to  secure  reversal  of 
direction  of  rotation  of  the  armature,  makes  it  necessary  that  four 
wires  enter  the  motor.  The  portions  of  these  wires  connected  per- 
manently to  the  motor  are  termed  the  motor  leads  because  they 
"lead  out"  the  current.  Sometimes  an  ordinary  two-way  connector 
is  used  in  connecting  these  leads  to  the  wires  of  the  cable,  but  often 
a  jack-knife  connector  is  employed  to  facilitate  connecting  and  dis- 
connecting. Considerable  difficulty  has  l>een  experienced  by  the 
wearing  away  of  the  insulation  of  the  leads  where  they  rest  on  the 
motor  shell.  To  avoid  this  there  has  recently  come  into  use  a  lead 
protecte<l  by  a  spiral  metal  covering. 


r\g. 


hlelJ  Coll. 
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Brushes.  That  the  motor  may  operate  in  either  direction 
equally  well,  the  carbon  brushes  are  placed  radially  or  nearly  so. 
No  provision  is  made  for  shifting  their  position  relative  to  the  fields. 
They  usually  occupy  a  position  equidistant  between  pole  tips. 
The  common  types  are  either  ^  or  f-inch  thick  and  from  2{  to  4 
inches  wide. 

Brush  Holders.     Two  methods  of  securing  the  brush  holders 
are  employed.     In  Fig.  3,  the  brush  holders  may  be  seen  to  be 
secured  in  position  by  being  bolted  through  the  end  of  the  motor 
shell.     Fig.'  8  shows  the  brushes  mounted  on  a  yoke  which  is  secured 
to  the  motor  shell.    The  yoke  is  of  wood  and 
provides  the  necessary  insulation.    Where  the 
holders  are  fastened  directly  to  the  shell  a 
block  and  washers  of  vulcabeston  or  other 
insulating  material  intervene  to  furnish  the 
insulation  between  the  shell  and  the  holder. 
In    practice   the    greatest  difficulty  experi- 
enced   with    brush    holders    is    preventing 
Fig.  8.  Brush  Holder.        them  from  becoming  grounded  by  dirt  and 
carbon  dust  which  collects  on  the  insulation. 
Opening   Cases   for   Inspection.      Accessibility  for  inspection 
and  repairs  is  essential  in  all  railway  motors.     A  lid  is  always  pro- 
vided directly  over  the  commutator  to  facilitate  inspection  of  the 
commutator  and  brushes.     To  open  up  the  motor  casing  for  more 
extensive  inspection  or  repairs,  three  general  schemes  are  employed. 
One  is  to  have  the  lower  half  of  the  casing  swing  downward  on  a 
hinge  as  in  Fig.  9,  which  illustrates  the  Westinghouse  No.  38  B 
motor.     The  armature  may  be  placed  either  in  the  lower  half,  as 
shown  in  Fig.  9,  or  in  the  upper  half.     When  a  motor  of  this  type  is 
to  be  opened  the  car  is  run  over  a  pit,  and  the  repair  men  work 
entirely  from  below. 

Often  the  hinge  pins  are  removed  and  the  lower  shell  containing 

the  armature  is  dropped  down  by  means  of  a  jack  placed  underneath. 

Two  handholes  are  usually  provided  in  the  bottom  shell  for 

observing  the  clearance  between  the  armature  and  the  pole  pieces 

and  also  for  removing  dirt  that  may  collect  in  the  bottom  of  the  shell. 
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Another  scheme  is  to  have  motors  open  from  the  top,  either 
by  hinging  the  upjjer  part  of  the  motor  casing,  as  in  Fig.  3,  or  by 
having  the  top  part  of  the  casing  lift  off.  \Vhere  this  form  of  motor 
is  usetl,  the  car  hcxly  is  hoiste<l  clear  of  the  truck,  and  the  trucks  are 
run  out  from  under  the  car  body  before  work  is  done  on  the  motors. 
In  this  case,  all  the  work  can  be  done  from  above  without  the  use 
of  pits. 

A  third  design  is  the  box-frame  motor  casing,  from  which  the 
armature  can  be  removed  endwise  only.    Such  an  arrangement  is 


Mg.  9.    Railway  Motor.    Lower  Half  of  Casing  Swung  Down. 

shown  in  Fig.  10,  which  is  a  view  of  a  No.  66  motor  of  the  General 
Ele<*tric  Company.  In  this  motor  a  sufficiently  large  opening  is 
provide<l  in  the  ends  of  the  motor  casing  to  permit  of  the  armature 
being  removed  endwise.  A  plate  or  head,  which  accurately  fits 
into  this  opening,  carries  the  armature  bearing.  In  removing  arma- 
tures from  motors  of  this  kind,  the  usual  method  is  to  take  the  motor 
out  of  the  trucks  and  stand  it  on  end  with  the  pinion  up.  The  bolts 
being  removed  from  the  end  plate,  the  armature  can  then  be  hoisted 
out  of  the  case  by  means  of  a  special  hook  attached  to  the  pinion. 
Another  plan  that  has  l)een  used  in  removing  armatures  from  such 
motors,  is  to  place  the  motor  in  an  apparatus  where  the  armature 
shaft  can  be  held  between  centers,  as  in  a  large  lathe.     The  motor 
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casing  is  then  moved  along  in  a  direction  parallel  to  the  armature 
shaft,  until  the  armature  is  exposed. 

This  latter  box-frame  type  of  motor  is  very  compact;  a  stronger 
casing  can  be  made  for  a  given  weight  and  space  than  if  it  were 
divided  horizontally.  Moreover,  the  magnetic  circuit  cannot  be 
disturbed  by  imperfect  contact  between  two  parts  of  the  casing. 
Where  this  type  of  motor  is  used,  the  bearings  project  inward  under 
the  commutator  and  armature,  thus  getting  long  bearings  with  a 
short  motor,  which  is  important  where  the  room  is  limited,  as,  for 
example,  in  the  case  of  a  large  motor  mounted  on  a  standard-gauge 
truck. 


Fig.  10.    Box-Frame  Motor. 

Gearing.  In  most  cases,  spur  gearing  is  used  to  transmit  power 
from  the  armature  shaft  to  the  car  axle,  although  a  few  motors  with 
armatures  mounted  directly  on  the  car  axle  are  in  use.  Various  gear- 
ings other  than  the  simple  spur  gear  have  been  tried,  such  as  worm 
gears,  chain  and  bevel  gears.  Practically  all  have  been  abandoned 
in  favor  of  the  single-reduction  spur  gearing,  which  is  the  most  satis- 
factory from  the  standpoint  of  wear  and  efficiency.  This  gearing 
is  shown  in  Figs.  3  and  9.  The  gearing  is  covered  with  a  gear  case 
(Fig.  9),  which  is  usually  of  steel,  though  gear  cases  of  thin  sheet 
metal  and  wood  are  sometimes  used.  A  solid  gear  is  shown  in  Fig.  11, 
and  a  split  gear  in  Fig.  12. 
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The  gear  ratios  in  common  use  vary  from  5  to  1  to  2  to  1,  the 
larger  ratio  being  common  on  the  smaller  motors.  A  ratio  often 
used  on  motors  of  30  to  50  horsepower  is  4.78  to  1,  the  gear  ha\ing 
67  teeth,  the  pinion  14  teeth. 

Street  car  wheels  are  usually  33  inches  in  diameter.  Tliis  makes 
necessary  612  revolutions  per  mile.  With  a  gear  ratio  of  4.78  the 
armature  revolves  2,925  times  per  mile.  At  15  miles  per  hour,  this 
gives  731  r.p.m. 

Lubrication.  The  lubrication  of  railway  motors  was  for  a 
number  of  years  carried  on  almost  exclusively  with  grease,  which 


Pig.  11.    Solid  Gear.  F'Ir.  13.    Split  Cear. 

it  was  customar\'  to  place  in  the  gear  casing  and  in  grease  boxes 
over  the  armature  and  car-axle  bearings.  Grease  becomes  most 
efficient  as  a  lubricant  only  when  the  l)earing  is  heated  sufficiently 
to  make  tlie  grease  run  like  oil.  Oil  is  now  being  used  to  a  con- 
siderable extent,  especially  for  larger  motors.  It  is  fed  to  the  bear- 
ings by  various  devices  that  allow  a  very  slow  feed,  such  as  wicks 
and  lubricators  a<ljusted  to  pass  a  small  amount  of  oil  per  hour. 

Bearings.  Railway  motor  l:>earings  are  usually  of  Babbitt 
metal,  which  metal  is  cast  into  a  steel  shell.  This  shell  fits  into 
receptacles  in  the  motor  casing,  which  can  be  seen  in  Figs.  3  and  9. 
A  steel  shell  is  usetl  so  that  the  worn-out  bearings  can  be  easily 
renewed  and  the  shells  taken  to  a  Babbitt  melting  furnace  to  have 
new  Babbitt  pouretl  into  them. 

The  motor  has  two  sets  of  l)earings,  those  for  the  armature  am! 
those  for  the  axle  upon  which  the  motor  is  mounted.  TTie  axle 
bearings  are  always  split  diametrically  to  avoid  removing  a  wheel 
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when  a  l)earing  is  replaced.  On  the  later  designs  of  motors  these 
are  of  brass,  no  Babbitt  metal  being  used.  The  armature  bearings 
are  distinguished  by  the  terms  "gear  end"  and  "commutator  end" 
bearings.  The  gear  end  bearing  is  usually  of  larger  diameter  and 
of  greater  length  l>ecause  of  the  thrust  of  the  gears  it  must  take  in 
addition  to  the  weight  of  the  armature.  This  bearing  is  split  so 
that  it  may  be  removed  and  replaced  without  the  removal  of  the 
gear.  The  commutator  end  bearing  is  in  one  piece.  Annature 
bearings  are  shown  in  Fig.  13. 


^^ 


o 


^^ 


Fig.  13.    Armature  Bearings. 

riotor  Suspension.  Two  methods  of  suspending  motors  flex- 
ibly on  trucks  are  in  common  use.  That  end  of  the  motor  which 
has  bearings  on  the  car  axle  cannot,  of  course,  be.  flexibly  suspended 
with  regard  to  the  axle;  but  the  other  end  of  the  motor  can  be  placed 
on  springs,  or  rest  on  a  bar  supported  on  springs,  as  showni  in  Fig. 
14.  This  suspension  is  commonly  called  nose  suspension.  Instead 
of  having  a  special  bar  and  special  ^rings  for  the  nose  of  the  motor, 
the  nose  may  rest  upon  some  part  of  the  truck  that  is  carried  upon 
springs.  Thus,  on  the  M.  C.  B.  type  of  swivel  truck,  the  nose 
usually  rests  on  the  truck  bolster,  and  thus  gets  the  benefit  both  of 
the  bolster  springs  and  of  the  equalizer  springs  of  the  trucL  Another 
general  plan  of  suspension  is  that  known  in  one  form  as  cradle  sus- 
pension, and  in  another  form  as  side-bar  suspension.  A  side-bar 
suspension  is  shown  in  Fig.  15.  Here  a  larger  percentage  of  the 
weight  of  the  motor  is  evidently  taken  by  the  springs  than  in  the 
case  of  nose  suspension.     It  is  desirable  to  relieve  the  car  axle  of  as 
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mudi  dead  weight  as  possible.    By  deatl  weight  w  meant  weight 
resting  upon  it  witlioiit  the  intervention  of  springs. 

Motors    of    the    New   York    Central    Electric    Locomotive. 
These  motors  are  a  radical  departure  from  the  usual  type  of  rail- 


way motors.  The  locomotive  on  which  they  are  mounte<l  has  four 
driving  axles,  u|)on  each  of  which  is  mounted  an  annature,  direct, 
no  gears  l)eing  us«l,  Figs.  IG  and  17.  The  motors  are  remarkable 
for  three  special  features:  The  method  of  mounting  the  armature, 
the  shape  of  the  pole  pieces,  and  the  path  of  the  magnetic  flux. 
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The  mounting  of  the  armature  upon  the  driving  axle  and  the 
motor  fields  on  the  truck  frame  makes  it  necessary  to  have  flat  pole 
pieces  in  order  that  the  armature  may  play  up  and  down  as  the 

journal  box  and  axle  slide 
in  the  guides  of  the  truck 
frame.  The  shape  of  the 
pole  pieces  may  be  ob- 
served in  the  drawing 
Fig.  16.  When  in  the 
central  position  there  is 
a  f-inch  air  gap  between 
the  armature  and  pole 
pieces.  The  magnetic 
flux  is  continuous  through 
the  fields  of  all  four  of 
the  motors.  It  returns 
through  the  cast  steel 
side  frames  of  the  truck 
and  two  bars  placed  in 
the  path. 

The  brush  holders 
are  so  mounted  that  the 
brushes  occupy  a  fixed 
position  relative  to  the 
armature.  The  arma- 
ture is  removed  by  low- 
ering it  with  the  wheels 
and  axle  upon  which  it 
is  mounted.  This  can  be 
done  without  disturbing 
the  fields  of  the  motor. 

CONTROLLERS. 

In  an  ordinary  electric 
car,  current  is  taken  from 
the  wire  through  the  trolley  wheel  and  pole,  and  is  first  led  from 
the  tn)lley  base  through  overhead  switches  or  a  circuit  breaker,  and 
then  to  the  controller,  from  which  it  passes  through  the  motors  and 
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thence  throupli  tlie  inutor  frames,  car  truck,  and  wheels  to  tlie  rails 
ami  ground.  If  the  car  is  desijjne<l  to  l)e  o|)enititl  fnjni  either  end, 
an  overheat!  switch  or  circuit  breaker  is  place<l  over  each  platform 
of  the  car  so  that  current  can  instantly  be  cut  off  entirely  from  the 
controllers  by  throwing  the  switch  or  circuit  breaker  at  either  end 
of  the  car. 


Fig.  17.    Armature  Axle  and  Wheels. 

The  lighting  circuit  is  run  from  the  trolley  base  inde})endently 
of  the  motor  circuit,  and  has  its  own  switch  and  fuse  l)ox.  Current 
for  the  lights  is  taken  from  the  trolley  circuit  before  it  reaches  the 
main  switches  or  circ-uit  breakers.  Current  for  electric  heaters,  if 
such  are  used,  is  likewise  taken  from  a  separate  circuit.  On  a  500- 
volt  system  five  100-volt  lamps  are  usually  connected  in  series  for 
car  lighting.  As  many  multiples  of  five  can  be  employed  as  are 
necessary  to  Ught  the  car. 

Rheostat  Control.  The  simplest  form  of  controller  is  that 
employed  where  only  one  motor  is  used  on  a  car.  A  rheostat  is 
plac-etl  in  series  with  the  motor  when  started,  just  as  on  a  stationary 
motor;  and  the  function  of  the  controller  is  to  short-circuit  this 
resistance  gradually  until  it  is  entirely  cut  out  and  the  motor  operates 
with  the  full  voltage.  The  controller  also  has  a  reversing  switch 
by  means  of  which  the  relative  connections  of  the  armature  and  fields 
are  reverse<l,  which,  of  course,  changes  the  direction  of  rotation  of 
the  motor  armature.  Such  a  simple  equipment  as  this,  however, 
is  rarely  to  l)€  found  in  practice. 

Series-Parallel  Control.  Single-truck  cars  usually  have  two 
motors,  one  on  each  a.\le;  and  on  such  cars  a  series-parallel  controller 
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is  the  kind  usually  employed.  Diagrams  of  connections  on  the 
various  points  of  a  series-parallel  controller  (Type  K  6)  of  the  Gen- 
eral Electric  Company,  are  given  in  Fig.  18. 

^0/nf    Res/stance       Afo/br  /  Motor  2 

Armature   r/e/c/      ArrrraTure     f/e/c/ 

■1  -vwwwww>^^<V^5DO^-^<VTXX5 


2     -[vvywwwwv-vO>^MD        >CV^OW 

A    — ^A^AAAW•^AAM— 3»''\„/*^  000  *v^^  000 


O  KAAAAAAA/VVM—^V^^  000         ^\J^  \KA) 

Fig.  18.    Diagram  of  K6  Controller  Combinations. 

From  the.se  diagrams  it  is  seen  that  the  motors  are  first  operated 
in  series  until  all  the  resistance  is  short-circuited  by  the  controller. 
When  this  has  occurred,  the  cars  are  running  at  about  half  speed. 
The  next  point  on  the  controller  puts  the  two  motors  in  multiple, 
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with  some  resistance  in  the  circ-uit,  which  resistance  is  cut  out  upon 
the  following  |H)ints,  until  at  full  .s|>ee<l  the  two  motors  are  in  multiple, 
without  any  resistance  in  the  circuit. 

Four  Motors.  Where  four  motors  are  usetl  on  a  car,  as  is 
fre<|uently  the  case  with  double-truck  cars,  the  motors  on  cadi 
truck  are  usually  controlled  just  as  in  ca.se  of  the  two-motor  efjuip- 
ment  that  has  Ihhmi  descril^etl ;  hut  each  pair  of  motors  is  ojxTatetl 
in  multiple.     That  is,  on  the  first  points  of  the  controller,  the  two 
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FlK.  19.    Mfitor  In  Series. 


motors  of  a  pair  are  in  series,  as  in  Fig.  19,  and  the  two  pairs  are 
in  parallel;  and  on  the  la.st  points  of  the  controller,  all  the  motors 
are  in  ])ar5illel,  as  in  V'\<r.  20. 

Controller  Construction.     The   controlle-    (T^'pe  K)    shown 

open  in  Fig.  21,  which  in  its  van- 
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KIk-  a>-    Motor  In  Parallel. 


"^^^^000  **"s  forms  is  the  type  most  com- 

monly used  on  street  cars  in  the 
United  States,  has  a  contact  cj'lin- 
~  der  or  drum  mounted  upon  the 
main  .shaft  of  the  controller.  This 
contact  drum  carries  contact 
rings  insulated  from  the  drum, 
and  is  suitably  interconnected,  as 
indicated  in  Fig.  22,  which  shows 
the  contact  rings  of  the  controller 
an  they  would  ap{)ear  if  rolled  out  flat.  Contact  fingers  are  placed 
along  the  left  side  of  the  controller,  as  seen  in  Fig.  21,  one  for  each 
ring  on  the  <lrum;  and  as  the  controller  handle  is  tunietl  to  revolve 
this  dnim,  the  contact  fingers  make  contact  with  tlie  rings  on  the 
dniin  and  give  the  various  connections.  Alongside  tlie  main  con- 
troller drum  is  a  reverse  drum  which  simply  reverses  tlie  armature 
connections  of  tlie  two  motors. 
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Controller  Wiring.  The  connection  between  motors,  con- 
trollers, and  resistances,  with  two  motors  and  a  K  6  controller  is 
shown  in  Fig.  22.  A  careful  study  of  this  will  show  the  combinations 
to  be  the  same  as  indicated  in  the  diagram,  Fig.  18.  The  wiring 
is  rather  complicated;  and  in  practice,  to  avoid  confusion,  the  ends 
of  each  wire  are  labeled  with  tags  showing  the  terminals  to  which 
they  belong. 


i 


Fig.  21.    Coutroller. 

With  the  aid  of  Figs.  22,  23  and  24,  the  wiring  of  a  type  K  6 
controller  with  two  motors  may  be  followed.  Figs.  23  and  24  are 
lot  a  different  controller  but  can  be  used  to  assist  in  an  understanding 
of  the  complicated  diagram  22.  The  current  leaves  the  choke  or 
kicking  coil  of  the  lightning  arrester  and  passes  through  the  blow 
out  coil  of  the  controller.  It  then  goes  to  the  top  finger  T  of  the 
controller.  On  the  first  point  the  circuit  is  as  shown  in  Fig.  23. 
The  top  segment  A  makes  contact  with  the  top   or  trolley  finger. 
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CKOUND 
FJg.  23.  _  Motors  in  Series. 


All  but  the  lower  five  segments  of  the  cylinder  are  electrically  con- 
nected together  by  means  of  the  iron  cylinder  upon  which  they  are 
mounted.  On  the  first  point  then  the  current  passes  from  the 
cylinder  over  Rj,  and  with  straight  series  connections  of  the  resist- 
ances, it  goes  through  all 
of  the  rheostats  under 
the  car,  and  returns  to 
the  controller  over  the 
last  resistance  lead,  Rj. 
Behind  the  motor  cut-out 
switches  at  the  base  of  the 
controller  this  lead  is  tap- 
ped into  a  wire  one  end 
of  which  leads  to  finger 
19  of  the  controller,  and 
the  other  end  through 
the  cut-out  switch  and 
reverse  cylinder  to  No.  1 
armature.  The  current 
takes  the  latter  path,  passes  through  the  armature  of  the  motor  and 
returns  by  way  of  the  reverse  cylinder,  thence  through  the  fields  of 
No.  1  motor  and  then 
through  the  cut-out  switch 
of  No.  1  motor  and  to  finger 
E,,  of  the  controller.  Seg- 
ments O,  M,N  and  L,  shown 
in  Fig.  23,  and  correspond- 
ing segments  of  Figs.  22 
and  24,  are  insulated  from 
the  remainder  of  the  con- 
troller cylinder.  From 
finger  E,  and  segment  O 
(Fig.  23)  the  current  passes 
over  finger  15  through  No. 
2  cut-out  switch  and  the 
reverse  cylinder  to  the  arm- 
ature of  No.  2  motor.  Returning  it  passes  through  the  reverse 
cyUnder,  then  back  through  the  fields  of  No.  2  motor  and  to  the 
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Fig.  24.    Motors  in  Parallel. 
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ground,  which  is  usually  through  a  connection  on  the  motor  casing. 

On  points  2,  3,  4  and  5,  the  successive  series  points  of  the  con- 
troller R,,  R.,  etc.,  make  c-ontact  with  s^mencs  B,  C,  etc.,  Figs.  23 
and  24,  until  finally  finper  19  rests  on  s^^menLs  J,  the  resistance  is 
.all  cut  out  and  the  motors  are  connectetl  in  series  directly  acmss  the 
line.  A  further  movement  of  the  controller  handle  changes  the 
motors  from  series  to  multiple  coimection  and  inserts  in  the  circuit 
a  portion  of  the  extenial  resistance.  There  are  four  separate  stages 
in  making  this  change.  First,  ihe  resistance  fingers  slide  off  their 
s^uents  and  the  resistance  is  inserted  in  the  line.  Second,  fingers 
E,  and  G  make  ct)ntact  with  segments  P  and  Q.  Motor  No.  1  is 
then  across  the  line  in  series  with  the  resistance;  the  circuit  being 
from  E,  to  ground  over  G.  ^Yhen  the  lower  finger  E,  makes  contact 
with  P,  the  upj)er  one  has  not  yet  left  segment  O.  This  short-circuits 
No.  2  motor,  the  path  being  from  the  gn)ijnd,  up  wire  G,  thence  by 
way  of  s^ments  P  and  Q  and  through  connecting  clip  V,  between 
the  two  E,  fingers  back  through  finger  15  to  the  motor. 

A  further  movement  of  the  controller  handle  causes  the  fingers 
to  leave  s^ments  M  and  O  and  No.  2  motor  is  o|>en-circuited  until 
finger  15  makes  contact  with  segment  N.  \Vhen  this  takes  place 
tlie  motors  are  in  multiple.  On  the  successive  points  after  this  the 
external  resi::tance  is  cut  out  in  the  same  manner  as  previously 
descril)ed. 

By  reference  to  Fig.  22,  it  will  be  noticed  that  the  leads  to 
the  motors  and  the  resistances  are  tiipped  on  wires  of  the  cables 
connecting  the  two  controllers  on  the  ends  of  the  car.  The  two  ends 
of  these  wires,  with  the  exception  of  the  annature  wires,  lead  to 
similar  binding  posts  on  the  two  controllers.  Tlie  armature  wires 
are  interclmnge<l  connecting  at  one  controller  into  binding  ]K>st 
A  A,  while  the  other  end  connects  into  binding  j>ost  A.  lliis  change 
of  connei'tion  is  necessary  in  order  that  the  reverse  handles  he  for- 
ward for  fonvanl  direction  of  movement  of  the  cjir. 

To  reverse  a  series  motor  it  is  simply  necessan.'  to  reverse  the 
direction  of  How  t)f  the  current  in  either  the  annature  or  fieUl.  For 
.several  reasons,  it  is  advantageous  in  the  case  of  the  street  railway 
motor  to  reverse  the  current  in  the  armature  rather  than  in  the  field. 
Figs.  25  and  26  show  how  this  is  accomplishetl.  The  squares  sliown 
in  the  figures  repr&sent  tlie  lugs  on  the  reverse  cylinder  as  shown 
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in  Fig.  2L  With  the  reverse  handle  in  one  position  (Fig.  25),  the 
large  lugs  are  under  the  reverse  fingers,  and  current  passes  from 
finger  19  to  finger  Aj,  and  from  finger  15  to  finger  A..    Fig.  26  shows 

the  relative  position  of  reverse 
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fingers  and  lugs  for  the  reverse 
position  of  the  controller  han- 
dle. In  this  case  the  current 
passes  from  finger  19  to  A  A„ 
and  from  finger  15  to  finger 
A  A^.  The  effect  is  to  change 
the  direction  of  flow  in  the 
armatures  while  that  in  the 
fields    remains    the    same   as 

Fig.  25.    Forward  Position  of  Reverse.  jjiay  be  observed  by  the  arrows. 

Wiring  of  Type  L  Controllers.  The  type  L  controller, 
shown  in  Fig.  27,  while  accomplishing  the  same  results  as  the  type  K, 
is  wired  in  a  radically  different  manner.  The  circuit  is  opened  in 
changing  from  series  to  multiple  connections.  The  controller 
handle  makes  two  complete  revolutions  in  moving  from  the  series 
to  the  multiple  position.  It  is  geared  to  the  rheostatic  cylinder 
in    such    a   manner   that   the         g 
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first  half  of  both  the  first  and 
second  revolutions  gives  this 
cylinder  one  complete  turn. 
During  the  second  half  of  the 
revolution  the  cylinder  is  re- 
turned to  its  original  position. 
The  controller  handle  is  so 
connected  to  the  commutating 
arm  that  this  stands  in  a  cen- 
tral position  for  the  off  position 
of  the  handle.  At  the  begin- 
ning of  the  first  revolution  it  is  swung  to  the  left,  throwing  the 
moUjrs  in  series.  At  the  beginning  of  the  second  revolution  it  is 
moved  to  the  right,  putting  the  motors  in  multiple. 

The  rheostats  instead  of  being  wired  in  series  are  connected 
in  multiple.  Current  passes  from  the  blow-out  coil  to  the  bottom 
fingers  of  the  controller  S,  and  thence  to  the  rheostats.    On  the 
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Fig.  26.    Reverse  Position  of  Reverse. 
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first  point  the  current  returns  over  R,  to  the  controller  cylinder. 
It  passes  off  through  a  collar  at  the  base  of  the  cylinder  through  No. 

1  cut-out,  and  the  reverse,  which  is  shown  in  the  central  position,  to 
No.  1  motor.  On  returning  to  the  controller  over  E,  it  passes  to 
the  upper  section  of  the  commutating  arm.  In  the  diagram  this 
is  shown  in  the  central  position.  In  series  it  is  thrown  to  the  left. 
The  current  then  passes  from  the  commutating  arm  to  No.  2  cut-out, 
and  to  No.  2  motor.  IMovement  of  the  controller  handle  further 
multiplies  the  paths  through  the  rheostats  and  finally,  when  fingers 
S  rest  on  the  cylinder,  the  rheostats  are  short-circuited.  If  the  con- 
troller handle  is  moved  still  farther,  the  rheostat  cylinder  is  returned 
to  the  off  position  and  the  commutating  arm  is  thrown  to  the  left. 
With  the  arm  in  this  position  the  current  divides,  one  portion  passing 
to  No.  1  motor  as  before  and  to  ground  by  way  of  the  upper  section 
of  the  commutating  arm ;  while  the  other  branch  goes  by  way  of  the 
lower  section  of  the  commutating  arm  to  the  cut-out  switch  for  No. 

2  motor  and  thence  to  ithe  motor. 

Reversing  is  accomplished  by  one-(juarter  revolutions  to  the 
right  and  left  of  the  segments  shown.  It  is  evident  that  this  will 
connect  either  Ai  or  A  Aj,  to  the  trolley.  And  likewise  connect  the 
other  armature  leads. 

Reversal.  The  reversing  handle  and  the  main  controller  handle 
are  made  interlocking  so  that  the  motors  cannot  be  reversed 
without  first  throwing  the  controller  to  off  position.  This  is  to  pre- 
vent damage  to  the  motors  through  careless  or  inadvertent  throwing 
of  the  reverse  handle  when  the  controller  is  on  some  of  its  higher 
points.  Such  a  reversal  would  cause  an  enormous  current  to  flow 
through  the  motors,  and  would  be  likely  to  damage  them  and  to 
open  all  the  circuit  breakers  and  fuses  in  that  circuit.  The  reason 
for  the  enormous  flow  of  current  is,  of  course,  that  the  counter- 
electromotive  force  of  the  motors,  when  reversed  with  the  car  going 
at  some  speed,  would  materially  add  to  the  electromotive  force  of 
the  trolley  line,  instead  of  opposing  it  as  when  the  cars  are  in  opera- 
tion. The  current  flowing  through  the  motor  circuit  would  then  be 
equal  to  {electromotive  force  of  line  +  electromotive  force  of  motors)  -~ 
(resistance  of  motors),  which  would  result  in  a  very  large  current. 

riagnetic  Blow-Out.  On  the  Type  K  controller  as  well  as  on 
most  other  successful  controllers,   the  flashing  or  arcing  between 
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contact  rings  and  fingers,  which  occurs  when  the  circuit  is  broken, 
is  materially  rethiceci  by  a  magnet  that  pitxluces  what  is  called  the 
magnetic  blow-out  to  extinguish  the  arc.  Tliis  magnet  derives  its 
current  from  the  main  circuit,  and  is  so  arranged  as  to  create  a 
strong  magnetic  field  in  the  neighl)orhoo<l  of  the  place  where  the 
arc  is  formetl  Fig.  21  shows  a  Type  K  controller  open  with  the 
magnetic  blow-out  magnet  thrown  back  on  a  hinge.  The  coil 
which  produces  this  magnet  is  seen  in  the  riglit  side  of  the  con- 
troller. The  main  contact  dnnn  is  in  the  middle,  and  the  revers- 
ing drum  at  the  right  hand.  '^There  are  in  use  a  number  of  other 
controllers  built  upon  these  same  general  principles  but  differing  in 
mechanical  arrangement. 

Controller  Notches.  All  controllers  are  provided  with  some 
device  which  prevents  the  motorman  from  stopping  the  controller 
handle  between  the  various  points  or  notches,  as  the  stopping  be- 
tween points  might  result  in  drawing  an  arc  or  an  imperfect  con- 
tact. The  most  common  arrangement  to  prevent  this  is  a  notched 
wheel  on  the  controller  shaft,  against  which  bears  a  small  wheel  of 
just  the  right  size  to  enter  the  notches.  The  small  wheel  is  held 
against  the  notched  wheel  by  a  strong  spring.  As  the  tendency 
of  the  small  wheel  is  to  seek  the  lx)ttom  of  the  notches,  it  is  diffi- 
cult to  stop  the  controller  handle  anywhere  between  notches,  and 
the  motorman  is  thus  given  a  guide  which  tells  him  without  any 
effort  on  his  part  just  where  the  notches  are. 

To  prevent  advancing  the  controller  handle  too  rapidly  and 
avoid  the  jerking  of  passengers,  excessive  currents  and  slipping  of 
wheels  during  acceleration,  several  devices  have  been  planned.  On 
the  multiple  unit  control  systems,  a  limit  switch  is  usually  provided 
which  prevents  the  controller  atlvancing  when  the  current  exceeds 
a  predeterminetl  amount.  A  device  to  accomplish  the  same  results 
on  the  K  tj'pe  of  controllers  is  tenned  the  Automotoneer.  A  cam 
connected  with  a  dash  pot  prevents  movement  of  the  controller 
handle  to  the  successive  notches  faster  than  a  pre^^ously  prescril)ed 
rate. 

A  switch  is  usually  pn)\'ide<l  in  a  contniUer,  for  cutting  out 
of  service  one  motor  or  a  pair  of  motors  if  defective,  and  allov^ing 
the  car  to  proceed  with  tlie  good  motor  or  motors. 
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MULTIPLE-UNIT  CONTROL. 

A  system  called  "multiple-unit  control"  or  "train  control" 
has  come  into  use  where  it  is  tlesirc<l  to  ojierate  motors  under  a  numl>er 
of  different  cars  hi  a  train ;  all  the  motors  Vjeing  controlletl  from  the 
head  of  the  train  or  from  any  other  jniint  on  the  train  where  the 
motorman  may  be  stationed. 

There  are  several  types  of  multiple-unit  (diitrol.  In  all  of  them 
there  is  on  each  car  a  ct)ntroller  of  st)me  kind  which  controls  the 
current  flowing  to  the  motors  on  that  car.  This  controller  is  operated 
from  a  distance  by  means  of  electro-magnetic  or  electro-pneumatic 
devices  controlle<l  by  circuits  called  pilot  circuits,  which  circuits  are 
connected  to  the  motomian's  controller.  All  the  pilot  circuits  of  a 
train  are  connecteti  together  by  means  of  train  plugs  which  make 
the  connections  l)etween  the  cars.  The  pilot  circuits  of  each  car 
are  connected  to  a  motorman 's  controller  on  that  car  and  this  makes 
it  possible  to  operate  the  train  from  any  conti  oiler. 

Sprague  Multiple-Unit  System.  In  the  earliest  fonn  of 
multiple-unit  c-ontrol — which  was  that  devise<l  by  F.  J.  Sprague--- 
the  motors  on  each  car  were  controlled  by  an  ortlinar\'  Tj'pe  K  con- 
troller, which  had  geared  to  its  shaft  a  small  pilot  motor.  The 
pilot  motor  was  controlle<l  by  the  pilot  circuits  connec-ted  with  the 
motorman's  a^ntroUer. 

In  the  more  recent  forms  of  multiple-unit  control,  the  use  of 
main  controllers  having  ccmtact  cylinders  has  been  practically  aban- 
doned. The  contacts  are  made  instead  by  a  number  of  electro-mag- 
netic or  electro-pneumatic  contact  devices  sometimes  calletl  contactors. 

General  Electric-  Train  Control.  In  the  General  Electric 
train-control  system  each  contact  for  the  motor  circuits  is  made 
by  a  solenoid  magnet  which  draws  together  two  heaNy  copper  con- 
tact fingers  to  establish  the  circuit.  A  magnetic  blow-out  coil  in 
series  with  the  contact  is  also  provitled.  The  contactors  make 
contact  only  when  enei^zed  by  a  small  amount  of  current  from 
tl.e  master  or  motonnan's  controller.  In  Fig.  2Sa  is  a  diagram  of 
the  car  wiring  for  a  motor  car  efpiipped  with  this  system.  Ilie 
motonnan's  controller  is  a  dnnn  controller,  but  is  comparatively 
small  since  it  has  to  handle  only  the  small  amount  of  current  necessary 
to  operate  the  solenoid  magnets  of  tlie  contactors.    It  b  e>ident 


833 


so  ELECTRIC    RAILWAYS 


tliat  by  connecting  together  the  pilot  circuits,  which  are  connected 
to  the  motorman's  controller,  so  that  the  pilot  circuits  will  be  continu- 
ous for  the  entire  length  of  the  train,  any  number  of  cars  equipped 
with  the  train-control  system  can  be  operated;  and  similar  contacts 
will  be  made  by  the  contactors  under  all  th^  cars  simultaneously, 
by  virtue  of  the  circuits  established  by  the  master  controller  at  any 
platform. 

Besides  controlling  the  contactors,  the  master  or  motorman's 
controller  must  control  an  electro-magnetic  reversing  switch,  or 
reverser,  to  change  the  direction  of  car  travel. 

The  handle  of  the  motorman's  controller  is  provided  with  a 
push  button,  which  must  be  depressed  while  the  current  is  turned 
on.  Should  the  motorman  release  this  push,  the  circuit  through 
the  controller  will  be  opened  and  all  the  contactors  will  fall  open. 
This  handle  is  called  the  dead  man's  handle  because  it  is  put  there 
to  provide  for  cutting  off  the  current  should  the  motorman  fall  dead 
or  in  a  faint  at  his  post. 

The  flow  of  the  current  in  the  control  circuits,  which  operates 
the  reverser  and  picks  up  the  contactors  on  the  several  points  may 
be  followed  in  the  diagram  Fig.  2Sa.  With  the  reverse  handle  in 
the  forward  position  and  the  controller  on  the  first  point,  current 
passes  from  the  main  circuit  through  a  single-pole  fused  switch 
called  the  control  switch  and  through  the  auxiliary  blow-out  coil 
to  a  finger  bearing  on  the  upper  section  of  the  master  controller 
cylinder  by  which  connection  is  established  to  the  adjacent  finger 
and  thence  to  the  reverse  cylinder.  It  leaves  this  over  wire  No.  8, 
passing  by  way  of  the  connection  board  and  control  cut-out  switch 
to  the  forward  operating  coil  of  the  reverser,  thence  through  the 
forward  blow-out  coil  and  over  wire  81,  through  the  switch  under- 
neath contactor  No.  2  and  to  ground  G,  by  way  of  wire  B  2  after 
passing  through  the  fuse  shown.  The  current  through  the  operating 
coil  of  the  reverser,  having  thrown  this,  the  path  is  changed  some- 
what. The  current  then  instead  of  passing  from  the  reverser  over 
wire  81,  is  conducted  through  wire  15,  through  the  operating  coils 
of  contactors  No.  1,  2,  3,  and  11  in  series,  through  the  switch  under 
contactor  No.  12,  and  to  ground  through  finger  1  of  the  controller. 
Contactors  1  and  2  are  in  multiple  and  when  raised  connect  the 
trolley  with  the  contactors  controlling  the  resistance  leads.     Con- 
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tactor  3  connects  R  to  the  line  while  contactor  11  places  the  two 

motors  in  series.  'I'he  motors  tlicn  operate  with  all  of  the  resistance 
in  circuit.  When  contactor  2  raises,  it  opens  the  switch  immediately 
l)elow  it,  making  it  imj)ossil)Ie  for  the  reversi*  to  o|)erate  while  current 
is  flowing  tlm)ugh  the  motors.  On  tiie  second  notch  of  the  controller 
an  additional  path  is  oj>en«l  by  way  of  finger  3  of  the  controller. 
This  path  leads  from  finger  3  thn)ugh  four  of  the  control  circuit 
rheostat  coils,  through  contactor  No.  5  and  to  gn>un(l  over  32.  On 
the  3nl,  4th  and  oth  points  contactors  0,  7  and  9  respectively  are 
raisetl.  The  motors  are  then  in  full  series.  Between  the  5th  and 
6th  points  all  the  contn)l  circuits  are  broken  preparator}'  to  starting 
the  multiple  connections  of  motors.  On  the  Gth  or  the  first  multiple 
point  the  ground  through  finger  1  of  the  master  controller  is  o|>ened 
while  a  gn)und  through  finger  3  is  established.  The  current  from 
the  reverser  then,  after  raising  contactors  1  and  2  as  l^fore,  instead 
of  passing  through  contaitors  3  and  11,  passes  through  tlie  ct>ils" 
of  4,  12  and  13,  through  the  switch  under  contactor  11  and  to  ground 
over  finger  2.  Contactor  12  connects  motor  No.  2  to  R„  while 
contactor  13  groumls  No.  1  motor.  The  motors  now  operate  in 
parallel  ami  on  successive  notches  of  the  controller,  contactors  6,  7, 
8,  and  9  are  raised,  cutting  out  all  of  the  resistance.  The  switches 
underneath  contactors  11  and  12  make  it  nnjxissible  for  11  to  raise 
with  12  and  13  or  vice  versa.  The  reason  for  this  arrangement  is 
very  evident,  as  a  direct  ground  for  R,  would  result. 

The  Westinghouse  Electro-Pneumatic  System  of  Control. 
In  this  system  of  nuiltiple  unit  or  train  control,  the  current  to  the 
motors  is  supplied  through  a  set  of  unit  switches  or  circuit  breakers 
which  are  soipetimes  placed  in  a  circular  case  or  turret  underneath 
the  car  and  in  other  cases  are  rangeil  in  a  row  under  the  car.  Tlie 
opening  and  closing  of  these  unit  switches  is  done  witli  compressetl 
air  acting  on  a  piston  in  an  air  cylinder.  ^Yhen  the  circuit  is  to  be 
closed,  compressed  air  is  admitted  l)ehind  the  piston  and  forces  it 
down  against  the  tension  of  a  seventy-jxjund  spring,  and  the  contacts 
are  brought  together.  When  the  switch  is  to  l)e  o|)ened,  the  air  is 
let  out  of  the  cylinder  and  the  spring  forces  the  piston  back.  The 
air  supply  is  obtainetl  from  the  storage  tanks  of  the  air  brake  system. 
The  valve  controlling  the  air  supply  to  the  cylinder  of  each  unit 
switch  is  operated  by  electromagnets  which  derive  current  from  a 
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seven  cell,  fourteen-volt,  storage  battery.    The  small  master  con- 


troller operated  by  the  motorman,  makes  and  breaks  the  battery 
connections  to  the  magnets  controlling  the  air  valves. 

An  advantage  of  this  over  other  multiple-unit  systems  is  that  by 
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the  use  of  battery  current  the  control  system  Is  not  disturl)ed  by 
interruptions  of  the  main  supply  of  current.  The  chief  advantage 
of  this  is  tliat  it  makes  it  possible  to  reverse  the  motors  and  operate 
them  as  brakes  in  emei^encies  at  all  times. 

The  batter)'  is  charge<l  from  the  main  line  througli  lamps  as 
resistance,  or  may  be  charged  by  l)eing  connected  in  series  with  the 
air  compressor  motor. 

In  the  accompanying  diagram,  Fig.  2.S  b,  there  are  two  batteries 
shown  which  are  chargetl  in  series  with  the  compressor  motor.  By 
means  of  two  double-pole,  double-throw  switches,  first  one  and  then 
the  other  batter)'  is  connected  for  charging  and  for  service.  The 
batter)'  is  charged  in  shunt  with  a  resistance  and  a  relay  is  connected 
in  the  circuit  as  shown,  so  as  to  open  the  battery  circuit  whenever 
the  current  through  the  motor  stops,  and  thus  prevent  the  battery 
discharging  through  the  resistance. 

The  master  controller  has  a  double  set  of  segments  in  order  to 
decrease  the  length  of  the  shaft.  The  handle,  therefore,  is  moved 
only  one-sixth  of  a  revolution  from  off  to  full  speetl.  The  various 
circuits  can  be  traced  by  the  letters  and  numbers  each  wire  bears, 
so  that  the  circuits  will  not  l)e  gone  over  in  detail.  The  first  position 
of  the  master  controller  throws  the  reverser  switch  in  the  proper 
dire<'tion  and  also  closes  the  main  circuit  breaker.  On  the  second 
point  the  motors  are  connected  in  series  with  all  resistance  in  circuit, 
and  these  resistances  are  automatically  cut  out  one  by  one.  On  the 
next  point  of  tlie  controller  the  motors  are  in  multiple  and  the  resist- 
ances are  automatically  cut  out  in  a  similar  manner.  The  automatic 
cutting  out  of  resistances  is  accomplishetl  by  a  limit  switch  in  con- 
junction with  operating  and  holding  coils  on  the  electro-pneumatic 
valves.  This  limit  switch  is  a  kind  of  a  relay  which  has  the  current 
from  one  of  the  motors  flowing  through  its  coil  and  which  acts  to 
open  a  certain  battery  circuit  which  operates  the  electro-pneumatic 
valves  whenever  the  current  in  the  motor  circuit  in  question  e-\ceeds 
the  amount  for  which  the  limit  switch  is  set.  The  automatic  accelera- 
tion or  cutting  out  of  resistance  is  accomplishetl  as  follows: 

Each  electro-pneumatic  valve  has  two  magnet  coils,  one  of  which 
is  an  operating  coil  and  the  other  a  holding  coil  for  holding  the  valve 
open  after  it  is  operatetl.  When  first  the  current  flows  through  a 
circuit  to  one  of  tlie  electro-pneumatic  valves,  it  flows  through  the 
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operating  coil  and  operates  the  valve  to  close  the  corresponding 
switch  or  switches  of  the  main  circuit  by  turning  the  air  into  the  cylin- 
ders. As  soon  as  the  main  switch  is  closed,  it  cuts  into  circuit  the 
holding  ccil  of  its  corresponding  electro-pneumatic  valve  and  this 
coil  will,  with  the  battery  current,  hold  the  switch  closed  even  though 
the  circuit  to  the  operating  coil  may  be  opened  momentarily  by  the 
limit  switch  as  each  step  of  resistance  is  cut  out.     This  prevents  the 


Trolley 


Fig.  39.    Diagram  of  Electric  Heaters. 

switches  from  opening  when  they  are  once  closed  and  allows  the 
operating  coils  to  open  an  air  valve  each  time  the  current  through  the 
limit  switch  coil  falls  below  the  amount  for  which  it  is  set.  The 
contacts  which  close  the  holding  coil  circuit  on  each  valve  whenever 
a  main  switch  is  closed,  are  called  interlocks  and  are  indicated  on  the 
diagram. 

The  main  line  circuit  breaker,  which  is  electro-pneumatically 
operated,  will  jpen  automatically  on  overload  and  can  be  reset  by 
the  motorman  on  all  the  cars  of  a  train  by  closing  a  switch  located 
beside  each  controller. 

CAR   HEATERS. 

Electric  Heaters  for  warming  cars  in  winter,  consist  of  iron 
wire  coils  which  are  warmed  by  the  passage  of  electric  current  through 
them.  The  heat  so  evolved  varies  as  the  resistance  multiplied  by 
the  square  of  the  current.  The  iron  wire  coils  of  the  heater  are 
mounted  on  non-combustible  insulating  supports,  and  are  arranged 
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80  that  there  is  a  free  circulation  of  air  through  them.  The  coiLs 
are  surroun<le<l  with  a  |>erfc)rate<l  metal  case,  the  ohjeet  of  which 
is  to  prevent  injur\'  to  the  coils  and  to  prevent  |)ers<)ns  or  clothing 
coming  in  contact  with  the  hot,  live  wires  of  the  coils.  Heaters  are 
sometimes  arranged  so  that  they  can  be  connectetl  in  series  or  parallel 
to  give  (lifTercut  degrees  of  heat. 

The  diagnun,  Fig.  29,  shows  the  most  common  arrangement  of 
electric  heaters  jecently.  The  tap  from  the  tn>lley  should  l>e  taken 
off  on  the  trolley  .side  of  the  circuit  breaker.  After  passing  through 
a  fuse  the  circuit  goes  to  the  switch.  Each  of  the  heaters  contains 
two  coils,  one  of  higher  resistance  than  the  other.  Two  inde]>endent 
circuits  are  nm  from  the  switch,  through  the  heaters  and  to  the 
gn)und.  One  circuit  passes  through  the  high  resistance  (x>ils  of  the 
several  heaters  while  the  other  goes  thn)ugl  the  low  resistance  coils. 
Ilie  switch  has  three  |>oints.  On  the  first  point  a  circuit  is  made 
through  the  high  resi.stance  coils.  The  second  point  connects  the 
low  resistance  coils  while  the  third  point  puts  both  circuits  in  ser>'ice. 
With  this  arrangement  three  gradations  of  heat  may  be  obtained. 

To  avoid  complicated  wiring  sometimes  but  one  circuit  is  em- 
ployed. In  such  a  case  the  heat  must  either  be  all  on  or  off,  no 
gradations  being  possible. 

The  chief  difficulty  encounteretl  with  electric  heaters  is  the 
breaking  of  the  wires  because  of  the  scale  of  o.xide  that  forms  gradually 
when  they  are  run  at  a  high  temperature  or  because  of  water  striking 
them  from  passengers'  clothing  on  wet  days,  which  causes  the  wires 
to  snap. 

The  ConsoUtlated  Car  Heating  Company  gives  the  following 
data  on  the  current  required  to  heat  cars: 


i^n^Oar' 

Amperes. 

Swltcb  Position!*. 
1          3           S 

ATsnge  conditioDB 

f  14  to  20  fwt 
^  20  to  28    " 
1^  28  to  34    " 

<  18  to  24  foot 
\  28  to  34    " 

3  4  7 
3         6           0 

SerercBt  conditions. . .                           ... 

4          7         11 

4  7  11 
6         8         14 

841 


36 


ELECTRIC   RAILWAYS 


In  his  Electrical  Engineers'  Hand  Book,  Mr.  Foster  gives  results 
of  tests  made  on  Brooklyn  cars  as  follows: 


Cars. 

Temperature  F. 

Consumption. 

Doors. 

windows. 

Contents  cu.  ft. 

Outside. 

Average 
in  car. 

Watts. 

Amperes 
at  500  volts. 

2 
2 
2 
9 

4 
4 

12 

12 
12 
12 
16 
16 

850J 
850J 
808J 
91 3J 
1012 
1012 

28 

7 

28 

35 

7 
28 

55 
39 
49 
52 
46 
54 

2295 
2325 
2180 
2745 
3038 
3160 

4.6 

4.6 

4.3 

4.5 

6. 

6.3 

When  not  watched  carefully  considerable  current  may  be  wasted 
by  allowing  the  heaters  to  remain  turned  on  when  not  needed.     Many 


Fig.  30.    Electric  Heater. 

companies  hang  out  signs  where  niotorir.en  may  observe  them,  indi- 
cating when  the  heaters  shall  be  turned  on  and  to  what  point. 

The  best  practice  in  electric  heating  is  to  have  plenty  of  heaters 
and  run  the  wire  at  a  low  temperature,  rather  than  attempt  to  heat 
with  a  few  at  high  temperature.  The  greater  the  number  of  heaters 
the  larger  the  radiating  surface  around  which  the  air  can  circulate 
and  a  given  amount  of  car  heating  can  be  accomplished  with  less 
current  than  with  a  few  high  temperature  heaters.  The  depreciation 
of  the  heater  wires  is  less  the  lower  the  temperature  at  which  they 
are  operated.    An  electric  heater  is  shown  in  Fig.  30. 

Hot-Water  Heaters  are  frequently  used  on  large  electric  cars. 
Hot-water  pipes  are  placed  along  the  sides  of  the  car,  and  connected 
with  a  stove  containing  hot-water  coils  at  one  end  of  the  car.  The 
water,  as  it  is  heated  in  the  stove  or  heater,  expands,  and  consetjuently 
becomes  lighter  per  cubic  inch  or  other  unit  of  volume;  it  therefore 
tends  to  rise  when  balanced  against  the  colder  water  in  the  car  pipes. 
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Hot  water  leaves  the  top  of  the  heater,  flows  up  to  an  expansion  tank 
and  then  down  through  the  car  piping,  an<l  hack  to  the  lK)ttom  of  the 
heater.  The  car  piping  sio|)e.s  c-ontinufiusly  down  from  the  top 
connection  to  the  l>ottoni  connection  of  tlie  heater.  At  the  tf>p, 
an  opening  to  the  atmosphere  is  pn)vi(ied  tlirough  a  small  water 
tank,  calle<l  an  cxpan.sum  tank.  This  prevents  water  pressure 
bursting  the  \n\yes  as  they  lieconie  heated,  and  allows  any  steam 
that  may  have   formed  to  escape.    The  most  moderii  hot-water 


FlK.  31.    I»lpes  for  Hoi- Water  Heating. 

heaters  for  cars  are  completely  closed  except  as  to  the  a.sh  pit  at 
the  bottom  and  a  small  fee<l  <loor  in  the  top.  The  latter  is  locke<l 
so  that  the  fire  cannot  come  out  even  if  the  car  is  tip|>e<l  over  in  a 
wTeck.     Fig.  31  shows  the  pipes  of  a  hot-water  heating  installation. 

CAR  WIRINO. 

The  wires  from  motors  to  controllers,  when  placed  in  exposed 
|x>sition  under  the  car,  are  bunched  in  cables  or  covereil  with  hose. 
In  some  ca.ses  special  runways  are  prouded  in  the  Iwttom  of  the 
car  to  accommoflate  the  car  wiring.  All  the  wiring  in  a  car  should 
be  heavily  insidated  with  nu>isture-pnK)f  rublier-oovered  wire,  and 
further  pn)te<te<l  fnun  niechanical  abrasion  by  a  tough  outer  covering. 

Strandtnl  rublier  insulated  wire  is  use<l  almost  exchi.sively  for 
wiring  all  parts  of  the  car.  A  general  i<lea  of  the  path  of  tlie  motor 
circuit  wiring  may  be  obtained  by  reference  to  Fig.  22.    The  main 
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leatl  after  leaving  the  trolley  stand  is  cleated  to  the  trolley  board  on 
top  of  the  car.  At  the  end  of  tlie  car  it  passes  through  the  roof  and 
to  the  circuit  breaker.  On  leaving  the  breaker  it  is  led  down  a  |X)st, 
through  the  floor  and  to  the  clipke  coil  and  lightning  arrester  under- 
neath the  car.     It  then  passes  to  the  trolley  terminal  of  the  controller. 

The  tap  for  the  light  wiring  (although  shown  otherwise  in  the 
drawing)  is  usually  taken  off  the  main  circuit  before  the  circuit 
breaker  is  reached.  This  arrangement  allows  the  lamps  to  be 
burned  when  the  circuit  breaker  is  open.  After  passing  through 
fuses  and  switches  in  the  motorman's  cab  the  circuit  for  the  lights 
is  led  through  the  car  in  moulding  concealing  it. 

The  wires  running  between  the  motors,  controllers  and  resistance 
frames  underneath  the  car,  as  has  been  stated,  are  often  carrier! 
in  canvas  hose.  Usually  two  cables  are  made  up,  for  should  all  the 
wires  necessary  be  placed  in  one  cable  this  would  become  too  bulky 
to  be  properly  cleated  up.  To  make  the  canvas  hose  waterproof 
and  to  prolong  its  life  it  is  usually  given  several  coats  of  asphaltum 
paint. 

The  wiring  of  the  new  cars  of  the  New  York  subway  is  an 
example  of  the  most  advanced  practice.  All  the  wires  under  the 
cars  are  carried  in  "loricated"  conduit,  which  consists  of  a  wrought- 
iron  tube  heavily  enameled  both  inside  and  out.  The  motor  leads 
and  the  other  larger  wires  are  carried  in  separate  conduits.  The 
conduits  are  usually  hung  to  the  steel  beams  of  the  floor  framing 
by  strap  bolts.  This  method  of  wiring  gives  a  reasonable  assurance 
that  it  will  not  become  defective.  Moreover,  it  lessens  fire  risk. 
The  conduits  are  all  grounded  and  should  one  of  the  wires  come  in 
contact  with  the  conduit  carrying  it,  the  dead  ground  resulting  would 
cause  the  fuse  to  blow  instantly,  and  all  danger  would  cease. 

RESISTANCES. 

The  type  of  resistance  now  most  common  for  heavy  motor 
equipment  is  in  the  form  of  cast-iron  grids,  which  are  assembled 
together  and  connected  in  series.  These  grids  are  sufficiently  stiff 
to  render  unnecessary  any  solid  insulation  between  them,  and  hence 
they  can  radiate  heat  to  the  best  advantage.  The  only  difficulty 
experienced  with  them  is  from  the  warping  or  cracking.  Resistances 
for  lighter  equipment  are  composed  of  sheet-steel  ribbons  wound 
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in  coils.  Each  ttim  of  a  coil  is  insulated  from  the  next  by  asbestos. 
Other  fomis  of  sheet-steel  resistaiu-e  with  asljestos  insulation  between 
the  turns,  have  also  been  usetl.  In  Fig.  32  is  shown  a  Westinghouac 
grill  type  tliverter  for  street  railway  etjuipnient. 

ELECTRIC  CAR  ACCESSORIES. 

Canopy  Switch.  An  overheml  switch,  sometimes  called  a 
"canopy  switch,"  is  commonly  placed  over  each  street-car  platform 
where  a  controller  is  l(x*ate<l,  usually  in  the  deck  or  canopy  above 
the  motonnan's  head.  This  is  simply  a  single-jx)int  switch  that 
may  l>e  use<l  by  the  motormuii  to  cut  the  trolley  current  off  fnnn  the 


Fig.  33.    Grid  Type  of  Re^lsUnct?. 


controller  wiring  so  that  the  controllers  will  l)e  absolutely  dead. 
When  two  such  switches  are  usetl,  one  on  each  end  of  the  car,  they 
are  connected  in  series. 

Car  Circuit  Breaker.  Frecjuently  on  large  etpiipments  an 
automatic  circuit  breaker  is  provided  instead  of  this  overhead  switch. 
'ITiis  circuit  breaker  can  be  tripped  by  hand  to  open  the  circuit  when- 
ever desired ;  and  is  also  etjuipped  with  a  solenoid  magnet,  which  can 
\ye  atljusted  .so  that  it  will  trip  or  open  the  circuit  breaker  at  approxi- 
mately whatever  current  it  is  set  for.  ITiis  circuit  breaker  protects 
the  motor  and  car  wiring  from  excessive  current,  such  as  woukl 
occur  in  case  of  a  short  circuit  in  motors  or  car  firing,  or  in  case  the 


945 


40 


ELECTRIC   RAILWAYS 


motorman  turned  on  current  so  rapidly  as  to  endanger  the  windings 

of  the  motors.     Circuit  breakers,  however,  are  most  commonly  used 

on  cars  having  controllers  located  at  only  one  end  in  a  motorman 's  cab. 

Wiring  of  Circuit   Breakers  and  Canopy  Switches.  ,  Figs. 


'-^KKTj: 


Fig.  38. 


33,  34,  and  35  show  the  methods  of  wiring  circuit  breakers  and  canopy 
switches  for  double-end  cars. 

In  the  parallel  connection  as  shown  in  Fig.  33,  the  trolley  leads 
after  passing  through  the  choke  coils  go  directly  to  the  blow-out 
coil  of  the  controllers.  Aside  from  the  fact  that  two  lightning  arresters 
and  choke  coils  are  required,  this  method  is  preferable  for  automatic 
circuit  breakers. 


^ 


rW^"^  I 


Fig.  84. 

Fig.  34  shows  the  hand-operated  circuit  breakers  connected 
in  series.  This  method  is  used  where  non-automatic  breakers  are 
employed,  but  for  automatic  breakers  it  has  the  objection  that  an 
overload  would  throw  the  breaker  set  at  the  lowest  point.  This 
might  be  the  breaker  on  the  opposite  end  to  that  occupied  by  the 
motorman  and  in  such  an  event  would  necessitate  »  trip  to  the  other 
end  to  s^t  the  breaker. 
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Fig.  36  shows  a  ineth(Ml  of  parallel  connection  re({uiring  but  one 
lightning  arrester.  This  method  ha.s  the  ol)jection  that  the  niotonnan 
on  the  front  end  would  have  no  assurance  that  l>y  tlmiwing  the 
breaker  over  him  the  |M)wer  would  l>e  cut  off.  The  rear  breaker 
might  have  been  carelessly  left  set.      ' 


Fig.  35. 

Fuses.  A  fuse  is  placed  in  series  with  the  motor  circuit  l)efore 
it  enters  the  controller  wiring,  but  where  circuit  breakers  are  used 
instead  of  canopy  switches,  the  fuse  box  may  sometimes  l)e  disj^ensed 
with.  The  fuse  box  on  street  cars  is  usually  Iwated  underneath  one 
side  of  the  car  Ixxly  where  it  is  accessible  ft)r  replacing  fuses,  but 
where  a  motorman's  cab  is  used,  the  fuse  may  l)e 
placed  in  the  cab.  The  fuse  may  be  of  any  of 
the  types  in  common  use,  either  oj)en  or  enclosed. 
In  the  Westinghouse  fuse  box  it  is  necessary  only 
to  o|)en  the  1k)x  and  drop  in  a  piece  of  straight 
copjjer  wire  of  the  right  length  and  size.  The 
closing  of  the  box  clamps  this  wire  to  the  tenni- 
nals  and  establishes  a  circuit  through  die  coj)- 
per  wire  as  a  fuse.  Of  course  this  cop|x?r  wire 
Ls  of  small  enough  size  to  be  fusetl  by  a  danger- 
ously heavy  current. 

Lightning  Arresters.  A  lightning  arrester 
is  usetl  on  all  cars  taking  current  from  overhea<l 
lines.  The  lightning  arrester  is  connectetl  to  the 
main  circuit  as  it  comes  fmm  the  trolley  base, 
l)efore  it  reaches  any  of  the  other  electrical  de- 
vices on  the  car,  so  that  it  may  affonl  them  pn)tection.  A  common 
type  of  lightning  arrester  is  shown  in  Fig.  3G.     One  terminal  of  the 
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lightning  arrester  is  connected  to  the  motor  frame  so  as  to  ground 
it,  and  the  other  is  connected  with  the  trolley.  In  most  forms  of 
lightning  arrester,  a  small  air  gap  is  provided,  not  such  as  to  per- 
mit the  500-volt  current  to  jump  across,  but  across  which  the  light- 
ning will  jump  on  account  of  its  high  potential.  To  prevent  an 
arc  being  established  across  the  air  gap  by  the  power  house  current 
after  the  lightning  discharge  has  taken  place  and  started  the  arc, 
some  means  of  extinguishing  the  arc  is  provided.  In  the  General 
Electric  Company's  lightning  arrester,  the  arc  is  extinguished  by 
a  magnetic  blowout,  which  is  energized  by  the  current  that  flows 
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Fig  37.    Diagram  of  I^ight  Circuit. 


through  the  lightning  arrester.  The  instant  the  discharge  takes 
place  the  current  flows  across  the  air  gap.  The  magnetic  blow-out 
extinguishes  the  arc,  and  this  opens  the  circuit,  leaving  the  arrester 
ready  for  another  discharge.  In  the  Garton-Daniels  lightning 
arrester  a  plunger  contact  operated  by  a  solenoid  opens  the  cir- 
cuit as  soon  as  current  begins  to  flow  through  the  arrester.  This 
plunger  operates  in  a  magnetic  field,  which  extinguishes  the  arc. 
A  choke  coil,  consisting  of  a  few  turns  of  wire  around  a  wooden 
drum,  is  placed  in  the  circuit  leading  to  the  motors  at  a  point  just 
after  it  has  passed  the  lightning  arrester  tap.  This  choke  coil  is 
for  the  purpose  of  placing  self-induction  in  the  circuit,  so  that  the 
lightning  will  tend  to  branch  off  through  the  lightning  arrester  and 
to  ground,  rather  than  to  seek  a  path  through  the  motor  insulation 
to  ground. 
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Often,  however,  the  choke  coil  is  omitted,  the  coils  in  the  circuit 
breaker  and  the  hlow-out  coil  in  the  controller  heing  <le|)ended  upon 
to  prevent  the  lij^htning  charge  from  passing. 

Lamp  Circuits.  The  lamp  circuit  of  a  car  is  prote<-ted  by  its 
separate  fuse  box,  and  usually  each  lamp  circuit  has  a  switch.  As 
explained  before,  five  100-volt  or  110-volt  latnps  are  placetl  in  series 
l)etween  the  trolley  wire  side  of  the  circuit  and  ground.  If  one  lamp 
in  the  series  burns  out,  of  course,  all  five  are  extinguishetl  until  the 
tlefective  lamp  is  replaced  with  a  new  one.  Enclosed  arc  lamps 
are  sometimes  used  for  car  lighting. 

Cars  to  \>e  oj)erate<l  from  either  end  are  often  wired  so  that  by 
turning  a  switch  the  platfonn  light  on  the  front  end,  a  light  for  the 
sign  and  another  for  the  headlight  on  the  rear  end  will  he  extinguished 
and  corresponding  lights  on  the  rear  and  front  ends  lighted.  This 
is  accomplished  by  the  method  of  wiring  shown  in  Fig.  37.  The 
interior  of  the  car  is  Ughted  by  six  lights.  Headlights  of  32  candle 
power  are  used.  This  method  requires  the  use  of  two  switches. 
In  all  light  wiring  schemes  a  switch  should  be  placed  on  the  troUev 
side  of  the  lights.  This  permits  the  current  to  he  cut  off  in  the  event 
of  a  ground  occurring  in  the  system. 

On  interurban  cars  arc  headlights  are  almost  invariably  used 
The  circuit  for  the  hetullight  after  passing  through  a  switch  in  the 
motorman's  cab  goes  through  a  resistance  frame  usually  underneath 
the  car  and  terminates  in  a  socket  near  the  car  bumper.  The  brackets 
on  which  the  lamp  is  hung  are  grounde<l  so  that  whenever  tlie  plug 
from  the  lamp  is  inserted  in  the  socket  and  the  switch  in  the  cab  is 
turned  on,  the  circuit  is  made. 

I'sually  there  is  a  pressure  of  about  00  to  70  volts  at  the  tenninals 
of  tlie  lamp.  The  remainder  of  the  voltage  drop,  from  500  or  000 
volts  (or  whatever  the  line  may  be),  is  in  the  resistance  under  the  car. 
The  current  through  the  lamp  is  usually  about  four  amperes.  With 
(X)  volts  at  the  arc  and  .500  volts  on  the  line,  this  gives  a  consumption 
in  the  lamp  of  240  watts  and  a  loss  in  the  resistance  under  the  car  of 
2,000  watts,  or  al)out  90  [jer  cent.  The  use  of  the  headlight  resistance 
to  cut  the  voltage  down  is  therefore  a  verj'  inefficient  method.  Some 
schemes  of  wiring  use  the  incandescent  lamps  used  in  lighting  the  car 
as  re^stance  for  the  headlight.  Another  way  is  to  light  the  interior 
of  the  car  w  itli  arc  lamps  plac^l  in  series  with  the  arc  headlight. 
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Trolley  Base.  The  trolley  base  upon  which  the  trolley  pole 
swivels,  ami  which  furnishes  the  tension  that  holds  the  trolley  wheel 
against  the  wire,  is  designed  to  maintain,  by  means  of  springs,  an 
approximately  even  tension  against  the  trolley  wire,  whether  the 


Fig.  38.    Trolley  Base. 

trolley  wire  is  high  above  the  track  or  near  the  car  roof.  This  is 
done  by  changing  the  relative  leverage  which  the  springs  of  the 
trolley  base  have  on  the  trolley  pole  according  to  the  height  of  the 
trolley  pole. 

Fig.  38  shows  one  form  of  trolley  base.     The  trolley  base  is 

bolted  to  a  platfonn  constructed 
for  it  on  the  roof  of  the  car;  and 
the  supply  wire  to  the  motors  and 
other  electrical  devices  on  the  car,* 
except  in  cases  where  a  wooden 
trolley  pole  is  used  for  certain 
special  reasons,  is  connected  di- 
rectly to  the  trolley  base.  An  in- 
sulated trolley  wire  is  run  down 
the  wooden  trolley  pole,  and  con- 
nected through  a  flexible  lead  to 
the  car  wiring. 

Trolley  Poles.  The  trolley  poles  in  general  use  are  of  tubu- 
lar steel,  which  gives  the  greatest  strength  for  a  given  weight,  and 
which  can  usually  be  straightened  if  the  pole  has  been  bent  by  striking 
overhead  work  when  the  trolley  wheel  leaves  the  wire. 

Trolley  Wheels.  Trolley  wheels  are  from  four  to  six  inches 
in  diameter  over  all,  the  small  wheels  being  used  in  the  city  service, 
and  the  large  wheels  in  high  speed  interurban  service.  A  typical 
trolley  wheel  is  .shown  in  Fig.  39.     Various  companies  use  various 


Fig.  39.    Trolley  Wheel. 
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forms  of  groove  in  the  tn)Uey  wheels,  some  aiiopting  a  gnK>ve  approxi- 
mately \'-shaj)€<L  The  U-shaj>e<i  groove,  however,  is  the  most 
(•orninoii.  The  trolley  wheel  is  made  of  a  brass  compasition  sele<'te<I 
for  its  touj;hness  and  wearing  (|ualities. 

Trolley  Harp,     'i'he  trolley  haxj),  which  is  placed  on  the  eml 


Fig.  «.    Trolley  Harp. 

of  the  trolley  pole  and  in  which  the  trolley  wheel  revolves,  usually 
has  some  means  for  making  electrical  ct)ntact  with  the  wheel  in 
addition  to  the  jounial  hearing.  In  the  harj)  illustrate*!  in  Fig. 
40,  which  is  a  typical  fonn,  this  additional  contact  is  .secure<l  hy  a 
spring  l)earing  iigainst  the  .side  of  the  huh  of  the  wheel. 

Since  trolley  wheels  re- 
volve at  a  ver\'  high  s|>ee<l,  some 
unusual  means  of  lubrication 
must  l)e  providetl,  since  there 
is  no  opportunity  for  ortlinarj' 
oil  or  grease  lubrication, 
(Jraphite,  in  the  shape  of  what 
is  called  a  "graphite  bushing," 
is  most  commonly  u.sed.  TTiis 
is  a  brass  bu.shing,  which  is 
pre.s.se<l  into  the  hub  of  the 
trolley  wheel.     In  this  bushing 

is  a  .spiral  gnMive  filletl  with  graphite  which  is  .suppose<l  to  fumi.sh 
sufficient  lubrication  as  the  bushing  wears.  Koller-l)earing  trolley 
wheels  have  l)een  u.se<l  to  a  limite«l  extent,  with  con.siderable  .success 
in  some  cases.  .Some  companies  have  done  away  with  tlie  graphite 
bu.shing,  and  have  proN-iiletl  a  very  long  journal  for  the  trolley  wheel 
in.stead  of  the  usual  short  bu.shing. 

Contact  Shoes.     The  «)ntact  shoe  mixst  ct»mmonly  usetl  on 
roads  employing  the  thin!  rail  is  shown  in  Fig.  41.    'ITiis  is  simply 
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a  shoe  of  cast  iron  lumg  loosely  by  links.  The  weight  of  the  shoe 
is  sufficient  to  give  eontaet.  The  motion  of  the  links  ])erniits  the 
shoe  to  a('connno<late  itself  to  unusual  obstructions  and  variations 
in  the  height  of  the  third  rail.  The  shoe  is  fastened  to  the  tmck 
frame  by  means  of  a  wooden  ])lank  which  furnishes  the  necessarj- 
insulation. 

The  Potter  third-rail  shoe  which  has  been  used  to  a  limited 
extent,  employs  a  spring  for  giving  the  nec- 
essary tension  to  make  electrical  contact 
between  the  shoe  and  the  third  rail.  In 
some  ways  this  is  superior,  because  a  spring 
tension  is  quicker  in  its  action  than  gravity, 
and  the  shoe  accommodates  itself  better  to 
variations  in  the  height  of  the  third  rail  at 
\erf  high  speed.  The  wear  on  the  shoe, 
however,  is  likely  to  be  greater. 

Sleet  on  Trolleys  and  Third  Rails. 
The  deposit  of  sleet  on  trolleys  and  third 
rails  hinders  greatly  the  operation  of  cars. 
Often  sleet  wheels  of  the  type  sliown  in 
Fig.  42  are  used  as  a  trolley  wheel,  'i'hese 
cut  the  sleet  off  instead  of  rolling  over  it. 

On  the  third  rail,  scrapers  and  brushes  in  advance  of  the  contact 
shoe  are  usually  effective  where  trains  are  frequent.  Several  roads 
are  now  melting  the  sleet  on  the  rails  by  the  use  of  a  solution  of  calcium 
chloride.  The  solution  is  stored  in  a  tank  on  the  car  and  is  led  through 
small  pipes  to  the  rail  immediately  in  front  of  the  collecting  shoe. 
About  one  gallon  of  solution  is  used  per  mile,  making  the  cost  about 
7^  cents  per  mile.  The  effects  of  one  treatment  last  for  two  or  three 
hours  during  the  continuance  of  a  storm. 

Solutions  of  common  salt  have  been  used  in  the  same  manner, 
but  it  is  claimed  that  the  corroding  action  on  the  iron  of  the  calcium 
chlori«le  is  not  as  great  as  that  of  a  salt  solution. 


FlK.  ^2.    Sleet  Wheel. 


TRUCKS. 


Elec'tric  railway  cars  are  classified  generally  as  double-truck  and 
simjle-iruck  cars.     Double-truck  cars  are  those  that  have  a  truck 
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that  swivels  at  each  end  of  the  car.  A  single-truck  car  is  one  having 
four  wheels. 

Sins:le  Trucks.  A  great  many  types  of  single  trucks  have 
l)een  designee!.  It  would  be  out  of  the  question  to  discuss  them 
all  here.  In  general,  however,  it  may  be  said  that  truck  builders 
have  aimed  to  make  a  truck  frame  in  itself  a  complete  unit  inde- 
})endently  of  the  car  l)ody,  .so  that  the  car  bcxly  will  simply  re.st 
ujK)!!  the  trucks  and  there  will  be  no  .strain  on  the  car  body  in  main- 
taining the  alignment  of  the  truck.  Most  .single  trucks,  therefore, 
consi.st  of  a  rectangular  steel  frame,  either  ca.st  or  forged,  riveted 
or  lK)lted  together.  This  frame  holds  the  journal  boxes  in  rigid 
alignment.  U.sually  a  .spring  is  placed  between  each  journal  box 
and  the  truck  frame.  This  spring  may  be  either  .spiral  or  elliptic. 
'J'he  principal  .springs,  however,  are  between  the  truck  frame  and  the 
car  Inxly.  Most  truck  builders  have  used  a  combination  of  spiral 
and  elliptic  springs  between  the  car  body  and  truck  frame,  as  this 
combination  is  con.sidered  to  give  better  riding  qualities  and  greater 
free<lom  from  teetering  or  galloping  than  either  .spiral  or  elliptic 
.springs  alone.  Fig.  43  show.s"  a  Brill  single  truck,  which  illu.strates 
all  of  the  features  enumerated. 

Swivel  Trucks.  Swivel  trucks,  commonly  called  double  trucks, 
are  made  in  many  forms,  but  the  mo.st  common  is  that  known  as  the 
M.  C.  B.  type  of  tnick.  This  truck  is  similar  to  the  .standard  truck 
which  is  in  imiver.sal  u.se  on  steam  railroad  passenger  cars  in  the 
Tnited  States.  Different  truck  builders  have  introduced  many  varia- 
tions in  this  general  type  of  truck,  in  adapting  it  to  electric  service. 
Some  modifications  from  the  steam  railroad  .standard  truck  were 
neces.sary  to  accommodate  the  electric  motors  and  to  permit  in  .some 
ca.ses  a  low-hung  car  l)o<ly.  Such  trucks  are  made  in  a  great  variety 
of  sizes. 

Fig.  44  shows  one  of  these  trucks  built  by  the  St.  Ix)uis  Car 
Company.  In  this  type  of  truck  the  car  body  is  fa.stene<l  to  the 
truck  only  by  the  kingbolt  on  which  the  truck  swivels.  This  kingbolt 
is  placed  in  the  center  of  the  truck  bolster.  There  are  also  .side 
l>earings  l>etween  the  car  Ixxly  and  the  ends  of  the  Iwlster,  to  prevent 
tipping  of  the  car  body  when  it  is  unbalanced.  The  arrangement 
of  this  part  of  the  truck  is  .shown  in  Fig.  45.  Under  this  bolster  are 
elliptic  .springs  which  rest  on  what  is  called  the  .spring  -plank.     This 
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spring  plank  is  hung 
from  tlie  rectangular 
frame  of  the  truck  by 
links  which  allow  a 
side  motion.  Tliis 
si<le  mution  gives  eas- 
ier ri<iing,  es|)e<-ialiy 
upon  entering  an«i 
leaving  curves.  All 
truck.s  having  this 
feature  are  known  as 
siring  holster  trucks. 
The  weight,  heing 
transmitted  to  the 
transom  and  truck 
frame  through  the 
swinging  links  just 
referred  to,  is  then 
taken  by  tlie  e<|ualizer 
springs  that  supjxirt 
the  rectangular  truck 
frame  on  e<{uali/.ing 
bars,  which  etpializing 
bars  rest  on  the  jour- 
nal box  at  either  end 
and  are  bent  down 
to  acc"onuno<late  the 
ct^rings  located  be- 
tween them  an<l  the 
triick  frame.  The 
truck  frame  holds  the 
jounuil  l)o.\es  in  align- 
ment  by  means  of 
guides  which  |)ermitan 
up-an<l-down  move- 
ment without  move- 
ment in  anv  other  di- 
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rection,  just  as  on  all  other  types  of  truck.  It  is  thus  seen  that  there 
arc  two  sets  of  springs  between  the  car  body  and  car  journals;  one 
set  of  spiral  springs  between  the  e(jualizing  bar  and  truck  frame; 
and  one  set  of  elliptic  springs  between  the  spring  plank  and  the 


/</ng  6o/\ 


jBo/sfer  xn.       Transom 


Spr/ng  p/ank 
Pig.  45.    Bolster,  Links  and  Spring  Plank. 


bolster.  All  shocks  must  be  transmitted  first  through  the  spiral 
springs  and  then  througli  the  elliptic  springs.  The  motors  used 
on  this  type  of  truck  usually  have  nose  suspension,  the  nose  of  the 
motor  resting  either  on  the  bolster  of  the  truck  or  on  the  truck  frame. 


Fig.  46.    Steel  Tire  WheeL 

There  are  a  number  of  swivel  trucks  made  which  have  departed 
con.siderably  from  IVI.  C\  ?>.  lines,  but  nearly  all  retain  the  features 
of  a  l>olster  mounted  ))y  springs  on  a  spring  plank,  a  spring  plank 
himg  from  a  transom,  a  transom  rigidly  fastened  to  the  rectangular 
truck  frame  of  which  it  fonns  a  part;  and  a  truck  frame  with  one 
or  more  sets  of  spiral  springs  between  it  and  the  journal  boxes. 
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Maximum  Traction  Trucks.  A  type  of  swivel  truck  that 
once  was  very  jKipulur  l)ut  has  largely  lieen  su|)erse<le<l  by  the  ty|H.' 
just  described  is  the  "inaximuiu  traction  truck."  This  truck  has 
two  large  wheels  on  an  axle  which  carries  (U)  to  70  j)er  cent  of  the 
weight  on  the  truck,  and  two  small  wheels  canning  the  balance 
of  the  weight.     The  motors  are  on  the  large  wheels. 

Car  Wheels.  The  car  wheels  most  connnonly  usc<l  are  of 
ca.st  inm.  In  onler  to  make  a  tretul  and  flange  ujkmi  which  the  wt^ar 
comes,  hanl  enough  to  give  a  gtxxl  mileage,  the  treml  and  flange  are 
chille<l  in  the  pro<'ess  of  casting.  Around  the  |)eri|)her}'  of  the  mould 
in  which  the  wheels  are  cast,  is  a  ring  of  iron  instead  of  the  usual 
siuid.  ^^^len  the  molten  cast  in)n  comes  in  contact  with  this  ring 
of  iron,  which  is  called  a  **  chilly*  the  iron  is  cooled  so  suddenly 
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Fig.  47.    Elevatetl  Car  Axl& 

tliat  it  l)ecomes  extremely  hard.  The  balance  of  the  wheel,  c-ooling 
more  slowly  since  it  is  sum)Uiuletl  by  sand,  has  the  hartlne.ss  of 
ordinary'  cast  iron.    A  steel  tire  wheel  is  shown  in  Fig.  46. 

^^^leels  with  steel  tires  are  coming  into  use  for  elevated  ami 
intenirban  cars  l>ecau.se  their  flanges  are  not  .so  brittle  as  those 
of  cast-iron  wheels.  In  wheels  of  cast  metal  there  is  always  a 
liability  that  the  flanges  and  trejul  will  chip  an<l  crack.  On  high- 
speetl  cars  the  falling-out  of  pieces  of  flange  may  l>e  a  .serious  matter 
and  result  in  a  wreck.  Steel-tire<l  wheels  have  a  hub  and  .s|K)kes 
either  of  cast  or  forgeil  .steel  or  iron.  On  to  this  wheel  a  steel  tire 
is  shnmk.  The  tire  is  heated  in  a  furnace  built  for  the  purpose, 
and  is  then  .slipped  over  the  wheel.  It  is  made  ju.st  .such  a  .size 
that  it  will  slip  over  the  wheel  when  hot,  and  when  it  is  cool  it 
will  shrink  enough  t<i  nuike  a  ver}'  tight  lit.  When  the  tire  is  t«)  l>e 
Femove<l  after  it  is  worn  out,  it  is  heatetl  until  it  has  expander i  .sufli- 
ciently  to  drop  off. 
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All  axle  for  elevated  car  is  shown  in  Fig,  47. 

When  cast-imn  wheels  are  worn  to  an  improper  shape  or  have 
tint  spots  upon  them,  due  to  the  sliding  of  the  wheels  with  the  brakes 
set,  an  emery  wheel  grinder  must  be  used  to  grind  them  down, 
as  nothing  else  is  hard  enough  to  have  any  eflFect  on  the  iron. 

D/ame/er  of  ch/7/  mo/ds   for   33" 
wheefs  fo6e  33j"  for  30"  wfieefs 
fo  be  30g  'measured  on  f/neA-B 


Flfj.  48.    Standard  M.  C.  B.  Flange. 

When  steel-tired  wheels  are  worn,  they  can  be  ])ut  in  a  lathe 
and  the  surface  of  the  tire  turned  off,  as  this  surface  is  of  metal  soft 
enough  to  be  workable  with  ordinary  tools. 

The  types  of  wheel  tread  and  wheel  flange  in  use  vary  greatly 
among  different  electric  railwavs.     There  is  a  standard  Master  Car 


Fig.  49.  Brake  Shoes  and  Levers. 


Builders'  wheel  tread  used  on  steam  railroads,  which  is  shown  in 
Fig.  48.  Electric  railways,  however,  are  usually  obliged  to  use 
a  smaller  flange  and  narrower  trea^l.  Street  railway  special  work, 
such  as  switches  and  crossings,  usually  has  too  shallow  a  flange 
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way  to  pennit  u  staiuiani  M.  ('.  IJ.  flange  to 
pass  thnjugh.  Some  street,  railways  use  flanges 
jis  slmllow  lis  3-incli.  aitlioiigh  J-inch  is  most 
common  on  city  work.  The  width  of  the  treml 
on  street  railway  cars,  that  is,  the  width  of  the 
wljeel  where  it  l)ears  on  the  rail,  is  nsnally  fnini 
I  i  indies  to  2{  inches.  There  is  a  tendency, 
however,  on  electric  railways,  on  a<-c«)nnt  of 
the  increasing  number  of  intenirban  cars  which 
must  use  city  tracks,  to  build  tracks  that  will 
accomnuxlate  wheels  approaching  the  M.  ( '.  B. 
standanl  of  steam  roads.  A  few  roa<ls  have 
adopted  wheel  treads  and  flanges  very  near 
to  the  M.  C.  B.  standard. 

Brake  Rigging.  The  brake  rigging  on 
a  single-truck  car  may  be  arrangetl  in  a 
variety  of  ways,  but  should  Ih)  such  that  a 
nearly  equal  pressure  will  l)e  brought  to  bear 
on  the  brake  shoes  on  all  four  wheels.  A 
typical  arrangement  of  brake  .shoes  and  levers 
for  single-truck  cars  is  shown  in  Fig.  49.  'Hie 
rods  11  terminate  in  chains  winding  around 
the  brake  .staff  up)n  which  the  motonnan's 
handle  or  hand  wheel  is  mounted. 

For  double-truck  cars  the  brake  rigging 
is  neces.sjirily  more  complicate*!,  as  it  must 
Ih*  arrange<l  to  give  an  e<|ual  pre.s.sure  on  all 
eight  wheels  of  the  car.  Brake  shoes  arc 
.sometimes  placed  between  the  wheels  of  a 
truck  and  sometimes  outside.  The  arrange- 
ment of  brake  .shoes  between  wheels  is  appar- 
ently finding  most  favor,  as  when  the  sh<jes 
are  applied  in  this  position  there  is  less  tend- 
ency to  tilt  the  truck  framn  when  the  brakes 
are  applied,  and  this  a«lds  to  the  comfort  of 
pa.ssengers  in  ri<ling.  Fig.  ."iO  shows  one  form 
of  arrangement  of  brake  levers  common  on  a 
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double-truck  car  equipped  with  air  brakes,  with  inside-hung 
Itrake  shfX'S. 

Brake  Leverages  and  Shoe  Pressure.  The  levers  between 
the  air  cylinder  and  the  brake  shoes  are  usually  so  proportioned  that 
with  aii  air  pressure  of  70  lbs.  per  sq.  in.  in  the  brake  cylinders  the 
total  of  the  brake  shoe  pressures  on  the  wheels  will  be  equal  to  about 
00  per  cent  of  the  weight  of  the  car.  The  diagram  Fig.  51  has  shoe 
pressures  and  strains  in  the  several  rods  marked  on  shoes  and  rods. 

The  following  example,  l>ased  on  the  diagram,  will  explain 
the  lever  proportioning.  Only  round  numbers  are  given  on  the 
diagram. 

Assume  a  four- motor  car  weighing  40,000  pounds.  A  brake 
cvHnder  7  inches  in  diameter  is  used.  This  gives  38.5  square  inches 
and  at  70  pounds  air  pressure  a  total  force  on  the  piston  rod  of 
2,695  pounds.  The  weight  of  the  car  is  40,000  pounds.  Taking 
'.)0  per  cent  of  this  gives  a  total  of  36,000  pounds  to  be  exerted  by 
the  brake  shoe  when  an  emergency  stop  is  made.  Each  of  the 
eight  shoes  will  press  against  the  wheels  with  a  force  of  4,500 
pounds. 

The  dimensions  of  the  truck  are  such  that  the  "dead  levers," 
those  fixed  at  one  end  and  which  carry  shoes,  cannot  be  over  13 
inches  long.  The  shoe  will  be  hung  three  inches  from  one  end, 
making  the  proportions  10  to  3,  and  the  pressure  on  the  strut  rod 
between  shoes  will  be  4,500  X  -f|  or  3,  461  pounds.  To  clear  the 
truck  frame  the  live  lever  extends  14  inches  above  the  point  of 
application  of  the  brake  shoe.  To  obtain  4,500  pounds  pressure 
on  the  shoe,  the  distance  between  the  brake  shoe  and  the  strut 
rod,  which  we  will  call  "a:,"  will  be  found  by  regarding  the  upper 
end  of  the  lever  as  fixed  and  the  power  applied  at  the  lower  end. 

14  +  ar 
4500  =  3461  X         i^      or 

X  =  4.2  inches. 

Now  to  obtain  the  force  required  in  the  rod  to  the  truck  quad- 
rant, the  bottom  end  of  the  live  lever  must  be  regarded  as  the 
fulcrum.     The  (-(luation  is 

4.2 
X  =  4500  X  j^  =  1038  pounds. 


260 


ELECTKIC    KAILWAYS 


56 


As  the  pull  rods  from  each  sitle 
of  the  truck  are  attachefl  to  the 
truck  ({iimlnint,  the  stresses  in 
the  hrake  nxls  are  douhle  this,  or 
2,076  pounds. 

'Hie  position  of  the  l)rake  cyl- 
inder under  the  car  restricts  the 
length  of  the  "live"  and  "dead" 
cylinder  levers  to  16  inches.  To 
obtain  2,076  {xninds  pull  on  one 
end  of  the  levers  with  the 
previouslycoinpute*!  2,695  pounfls 
t)n    the    other,    the    proportions 

,      2076  X       . 

must  be  -^ffr  "^  Yr»  ^'"^■*' 

2070  +  2695  =  4771.  Then  x 
=  7  inches,  the  distance  from  the 
brake  piston  to  the  pivotal  point. 

Since  2,695  pounds  pressure  is 
cxerte<l  and  36,000  jjouikIs  results 
the  propt)rtion  of  the  whole  system 
of  levers  is  36,000  to  2,69o  or  13  3 
to  1.  In  other  words  the  travel 
of  the  piston  in  the  cylinder  will 
be  13.3  times  that  of  the  shoes  if 
there  were  no  lost  motion  to  be 
taken  up.  The  piston  travel 
shoidd  Ik*  fn)m  4  to  5\  inches. 
Tliis  gives  about  |-inch  travel  of 
the  brake  shoes.  Increase*!  travel 
of  the  brake  shoes  necessan*'  to  set 
them  as  they  wear  away  causes 
increased  travel  of  the  piston  of 
the  air  cylinder.  Not  only  is 
more  air  usetl  at  each  application 
of  the  brakes  but  the  bnikes  are 
slower  in  acting.     It  is  therefore 
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iiecessan'  to  adjust  the  brakes  frequently.  This  is  done  in  the  sys- 
tem shown  in  the  diagram  by  the  use  of  a  turnbuckle  in  the  con- 
necting roti  between  the  live  and  dead  levers  of  the  truck. 

When  two  motors  are  on  one  truck  and  none  on  the  other, 
allowance  must  be  made  in  the  levers  for  the  increased  weight  of 
the  motor  tnick  an<l  the  inertia  of  the  armature.  The  leverage 
on  the  motor  truck  nuist  be  greater  than  on  the  other. 

Air  Brakes.  Air  brakes  used  on  electric  railway  cars  are 
usually  of  what  is  called  the  straight  air  brake  type  in  distinction  to  the 
Westinghmise  automatic  air  brake.  A  straight  air  brake  is  one  in 
which  the  air  is  stored  in  a  reservoir;  and,  when  the  brakes  are  to  be 
applied,  air  from  this  reservoir  is  turned  directly  into  the  Vjrake 
cylinder,  in  which  works  a  piston  operating  the  brake  leverj.  Air 
atimitted  behind  the  piston  forces  it  out  with  a  pressure  which  applies 
the  V)rakes.  When  the  air  is  let  out  of  the  brake  cylinder,  a  spiral 
spring  forces  the  piston  back  to  its  original  position  and  the  brakes 
are  released.  The  motorman's  valve  by  which  he  applies  the  brakes, 
therefore,  provides,  first,  for  turning  air  from  the  storage  reservoir 
to  the  brake  cylinder  to  apply  the  brakes,  and,  second,  for  closing 
the  opening  to  the  storage  reservoir  and  opening  an  exhaust  passage 
from  the  brake  cylinder  so  that  the  air  can  escape  from  the  brake 
cylinder  to  release  the  brakes. 

Straight  air  brakes  of  this  kind  would  not  be  suited  to  the  opera- 
tion of  long  trains,  because,  if  the  air-brake  hose  connection  between 
cars  should  be  broken,  the  brakes  would  be  useless;  but  for  trains 
of  one  or  two  cars,  such  as  are  common  in  electric  railway  practice, 
the  simplicity  of  the  straight  air  brake  outweighs  its  disadvantages 
and  this  is  the  type  of  brake  usually  employed.  (See  Fio;.  •)2.) 

^rhe  Westinghouse  and  other  forms  of  automatic  air  brake  are 
use<l  on  electric  railways  where  cars  are  operated  in  long  trains; 
but  it  is  out  of  the  province  of  this  paper  to  describe  these  brake 
systems  fully,  as  they  are  rather  complicated.  It  may  be  said  in 
general,  however,  that  the  W^estinghouse  automatic  air  brake  is  so 
arranged  that,  should  the  hose  connection  between  cars  be  broken, 
•should  the  train  pull  in  two,  or  should  anything  happen  to  reduce 
the  pressure  which  is  maintained  in  the  train  pipe  that  runs  the 
length  of  the  train,  the  brakes  would  immediately  be  applied  on 
the  entire  train. 
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Compressors.  A  sniall  air  coiiipres.siir 
ilrivt'ii  hy  an  Hwtrif  motor  is  fre<|iioiitly 
CMiploynl  1)11  flt'ctric"  rars  Ui  ket'|)  tlit* 
storage  resen'oir  o\  the  car  supplied  with 
air.  'Iliese  air  miiipressors  are  carrie.l 
under  the  car  or  in  the  iuc;tonnau*s  cab. 
They  are  generally  arrangetl  with  an  auto- 
matic device  whicli  closes  the  motor 
circtiit  an<l  starts  the  motor  as  soon  as 
tlie  air  pressure  falls  helow  a  certain 
ainount ;  and  the  motor  will  continue  in 
operati(m  pumping  air  until  the  pressure 
rises  to  the  amount  for  which  the  auto- 
matic device  is  set.  Tlie  pressure  carrie:! 
in  the  storage  reservoir  is  usually  from 
fiO  to  90  p<Mm(ls  per  square  inch,  which, 
as  a  general  thing,  is  considerably  more 
than  is  refpiired  to  apply  the  brakes  harrl 
enough  to  slide  the  wheels. 

Automatic  Governor  for  Air  Com- 
pressors. .\utomatic  governors  are  often 
in.stalle<l  in  connection  with  air  compre.«»s- 
ors  in  onler  that  a  fairly  even  air  pressure 
may  be  maintairuHl  in  the  .stsirage  reservoir. 
In  these  the  fall  and  rise  of  the  air  pres- 
sure within  certain  limits  clo.ses  an<l  opens 
the  circuits  to  the  motor.  In  .some  .styles 
the  air  acting  on  a  piston  o|)era»es  the 
circuit  breaker. 

The  diagram  shown  in  Fig.  53  shows 
theprincipleof  the  ( 'hristensen  governor, 
in  which  the  air  pressure  is  employed 
to  make  and  break  a  secondary  circuit. 

When  the  pressure  in  the  storage  res- 
ervoir falls  below  a  pre<letennined  value, 
the  hand  of  th.e  air  gauge  makes  con- 
tact with  lug  .\.  ITiis  closes  the  circuit 
through  .solenoid  No.  1.     Lug  D,  me<"han- 
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it-ally  connected  to  the  armature  of  the  solenoids  is  pulle<l  in  con- 
tact with  lug  C,  and  this  closes  the  circuit  to  the  motor,  and 
shunts  the  winding  of  solenoid  No.  1.  When  the  air  pressure  rises 
to  a  pretletermined  value  the  hand  of  the  air  gauge  is  thrown  in 
contact  with  lug  15.  This  energizes  solenoid  2  by  connecting  it 
across  the  motor  terminals.  The  armature  is  pulled  to  the  right 
and  the  circuit  to  the  motor  is  broken.  When  this  is  done  it  is  evident 
that  the  current  through  the  energized  solenoid  is  broken.  It  is 
evident  from  the  description  that  current  passes  through  the  solenoids 


Trolley 


Compresso, 
Motor 


only  during  the  s!iort  periods  that  the  armature  is  moving  from  one 
|)osition  to  the  other  and  the  air  gauge  never  has  to  break  a  circuit 
in  which  there  is  an  appreciable  voltage  so  that  there  is  no  arcing  at 
lugs  A  an<l  B. 

A  blow-out  coi.  m  series  with  the  motor  .s  provided  immediately 
under  lug  C  which  extinguishes  the  arc  at  that  point  when  the  motor 
circuit  is  broken. 

A  Westinghouse  air  compressor  is  shown  in  Fig.  54. 

Storage  Air  Brakes.  The  storage  air-brake  system  does  not 
have  a  small  indepepdent  compres.sor  on  each  car,  but  is  equipped 
with  a  large  storage  tank,  in  which  air  is  carried  under  high  pres- 
sure— 250  to  300  pounds  per  square  inch.     This  storage  tank  is 
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filled  at  regular  intervals  when  tlic  ear  passes  some  point  on  its 
route  at  which  a  (-oinpressor  is  Ux-atetl.  In  this  case  the  car  is 
obliged  to  stop  long  enough  to  make  connection  to  the  tank  of  the 
compressor  plant,  and  to  allow  the  ear  storage  tank  to  l>e  fille<l. 
'^riiis  operation,  however,  «loes  not  take  long.  'ITie  advantages  of 
the  system  are  a  saving  of  the  weight  an<l  a  saving  in  the  inainte> 
nance  of  a  small  compressor  on  each  car.  From  the  main  storage 
tank  under  the  car,  air  is  led  through  a  reducing  valve  to  an  auxiliary 
storage  tank.  This  re<h:cing  valve  allows  enough  air  to  pass  through 
tt)  umintaiii  a  pressure  of  alMiut   ')()  |M>unds  jht  s<|uare  iiu*h  in  the 
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auxiliary  storage  tank.  The  auxiliary  storage  tank  corresponds  to 
the  regular  storage  tank  on  a  system  employing  compressors  on  each 
car.  The  methtxl  of  operation  after  the  air  has  entere<l  the  auxiliary 
storage  tank  is  the  same  as  with  any  air-brake  .system. 

F'ig.  5.5  .shows  the  arrangement  of  the  apparatus  under  the  cars 
t>f  the  St.  Louis  Transit  Company.  The  two  .storage  tanks  are 
each  6  feet  long  by  18  inches  in  diameter  and  are  mounted  one  on 
each  side  of  the  car.  Their  combineil  capacity  is  equivalent  to  al)Out 
100  cubic  feet  at  45  lbs.  pressure.  The  tanks  are  charge<l  through 
an  outlet  near  one  side  of  the  car.  This  outlet  contains  a  che<k 
valve  and  cock  to  prevent  leakage. 

'Vhe  .ser\'ice  or  low  pressure  reservoir  has  a  capacity  of  alxiut 
2^  cubic  feet.  The  |x)sition  of  the  re<lucing  valve  l)etween  the  high 
an<l  low  pre.s.sure  valves  may  l>e  note<l  in  the  illu.stration. 

Momentum  Brakes.  Momentum  or  friction  brakes  have  been 
iiseil  to  .mime  extent  both  on  single-truck  and  on  double-truck  cars, 
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hut  partic-nlarly  on  siii^lc-tnick  cars.  Tliey  derive  tlie  ])<)\v('.r  to 
operate  the  l)rake.s  from  the  moinentum  of  the  ear  by  means  of 
a  friction  ckitch  on  the  car  axle.  The  (Hfference  in  various  kinds 
of  momentum  brakes  lies  chiefly  in  the  design  of  the  clutch  mech- 
anism. The  clutch  must  evidently  be  arranged  to  act  very  smoothly, 
and  must  be  under  very  accurate  control,  as  the  .force  with  which 
the  brakes  are  applie<l  depends  directly  upon  the  pull  exerted  by 
the  clutch. 


-Charging  Coupling 
Fig.  55.    Arrangement  of  Storage  Air  Brake  Apparatus. 

In  the  Price  momentum  brake  a  flat  disc  is  cast  on  the  car 
wheel,  which  is  turned  off  to  a  smooth  surface.  Against  this  disc 
a  friction  clutch  acts,  which  has  a  leather  face.  The  clutch  is  operated 
by  a  motorman's  lever  through  a  set  of  levers.  A  small  movement 
in  the  motorman's  lever  forces  the  clutch  against  the  disc  on  the 
ear  axle.  The  clutch  winds  up  the  brake  chain,  and  thus  supplies 
^X)wer  to  apply  the  brakes. 

Other  momentum  or  friction  clutch  brakes  have  been  devised, 
mo.st  of  which  also  use  an  application  of  leather  on  iron  for  the  clutch, 
JUS  this  has  been  found  to  be  mo.st  reliable,  and  to  be  least  affecteil 
by  the  grease  and  dirt  that  is  liable  to  work  in  between  the  clutch 
surfaces. 
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O.  E.  Electric  Brake.  Tlic  (It'iirral  EU*<-tjic  Vompany's  olec- 
tric  hrakf  inakes  mm-  of  ciirrfnt  jjfiuTatwl  Sy  thr  motors  acting  a-s 
ilynainos,  to  stop  tlu*  car.  In  ^nler  to  acconiplish  this,  a  hrake 
controller  is  pn)vi(lc<l  whicli  reverses  the  armature  connections  of 
the  motors,  an<l  so  -onne<"t.s  them  to  ojH'rate  as  dynamos  semhng 
current  ♦Jiroujjh  a  resistance  in  the  circuit;  the  amount  of  current 
flowing  and  the  braking  effect  de|>ending  on  the  car  speed  ami  the 
resistance  In  some  fonns  of  brake  controller,  the  two  contmllers 
are  combine<i  in  one  cylinder,  so  that  the  motorman,  to  apply  the 
electric  brake,  simply  continues  the  movement  of  the  handle  past 
the  "off"  position.  In  others,  the  brake-controller  dnun  is  se|)- 
arate,  but  is  interlocked  with  the  main  ccmtroller  so  that  it  can  l)e 
used  only  when  the  main  controller  is  off. 

However  the  controller  may  l)e  arrange*!,  the  principle  in- 
volve<l  is  that  when  the  motors  are  revolving  by  the  motion  of  the 
car,  and  the  anuature  connections  are  reversed  as  they  would  l)e  to 
reverse  the  direction  of  motion  of  the  car,  the  motors  l)egin  to  generate 
current  as  series-wound  dynamos.  The  amount  of  current  generatetl 
and  the  retarding  effect  will  depend  on  two  things — namely,  the 
spee<l  of  the  car,  with  the  consetjuent  elect rf)motive  force  in  the 
motors,  and  the  amount  of  resistance  in  the  circuit.  The  amount 
of  resistance  is  r^ulated  by  the  motorman  by  means  of  his  electric 
brake  controller.  The  function  of  the  electric  brake  controller  is 
t{>  reverse  the  motors  and  to  insert  enough  resistance  in  the  circuit 
to  make  a  comfortable  stop.  This  current  in  the  motors  acting  as 
dynamos,  in  itself  acts  as  a  powerful  brake  to  retartl  the  motion  of 
the  car.  In  the  (Jeperal  Electric  type  of  electric  brake,  the  current 
generatetl  in  the  motors,  in  adthtion  to  having  this  retailing  etfei't 
in  the  motors  themselves,  is  conducted  to  brake  discs  that  act  as 
magnetic  clutches  against  one  of  the  car  wheels  on  each  a.xle.  The 
car  wheel  has  a  disc  cast  ujM)n  it,  and  against  this  the  magnetic  <lis<* 
acts.  The  magnetic  disc  c<mtains  a  coil  which  is  in  series  in  the  brake 
circuit. 

In  applying  an  ele<tric  brake  of  this  kind  the  motorman  first 
puts  the  controller  on  a  jK>int  that  inseiis  considerable  resistance 
in  the  circuit.  When  the  motors  have  .slowe<l  tlown,  the  electnimo- 
tive  fon-e,  of  (tnirse,  <lrops,  so  that  to  maintain  the  siune  braking 
current  then*  must  be  a  mluction  of  the  amount  of  resistance,  until. 
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when  the  car  is  ahuost  at  a  .standstill,  the  resistance  is  nearly  all  cut 
(Hit.  It  might  seem  at  first  that  the  current  would  die  down  before 
the  car  came  to  a  stop,  but  it  is  foimd  that  there  is  enough  induction 
in  the  motor  fields  to  cause  current  to  flow  for  a  short  time  after  the 
car  has  stopped.  The  residual  magnetism  in  the  steel  in  the  fields 
of  the  motor  is  sufficient  to  cause  the  motors  to  begin  to  generate 
current  when  the  electric-brake  controller  is  first  turned  on. 

The  greatest  advantage  of  an  electric  brake  using  motors  as 
generators  is  in  the  fact  that  the  braking  current  instantly  falls  in 
value  as  .soon  as  the  wheels  begin  to  slide,  and  releases  the  brake 


Fig.  66.    Alagiietic  Brake  Shoe. 

until  the  wheels  again  revolve.  In  fact,  it  is  almost  impo.ssible  to 
.skid  the  wheels  as  they  are  sometimes  skidded  by  being  lottked  by 
brake  shoes.  This  not  only  prevents  flat  wheels  but  insures  a  (juick 
stop,  because  when  the  wheels  are  locked  and  sliding,  the  braking 
or  retartling  power  is  only  about  one-third  what  it  was  before  the 
wheels  began  to  slide.  The  electric  brake  requires  extra  large 
motors  because  of  the  heating  caused  by  the  current  generated 
while  braking. 

Westinghouse  Electromagnetic  Brake.  The  Westinghouse 
magnetic  brake  is  in  principle  similar  to  the  General  Electric  brake 
as  far  as  the  u.se  of  motors  as  generators  is  concerned;  but,  instead 
of  assisting  the  motors  by  means  of  a  magnetic  brake  disc  acting 
against  the  car  wheel,  a  magnetic  brake  shoe  is  used  (see  Fig,  56), 
which  acts  against  both  car  wheel  and  track.     This  not  only  retards 


270 


M 

< 

tc 
< 
u 

o 

H 

s  • 


&  I 


o    5 


ELECTBIC   RAILWAYS  63 


through  the  medium  of  the  wheels  but  aets  directly  on  the  tnuk. 
It  is  not  <ie|)en<lent  u[H)n  the  coefficient  of  friction  l>etween  the  wheels 
and  truck;  and  it  should,  therefore,  he  jM)ssil)le  to  stop  much  more 
cjuickly  than  with  any  fonu  of  brake  depending  upon  the  coefficient 
of  friction  In'tween  the  wheels  and  track. 

Track  Brakes.  Track  brakes  have  \teeu  use<l  to  some  extent 
on  ven.'  hilly  electric  roiuls.  These  have  a  shoe  fastened  to  the 
truck  frame,  which  acts  directlv  on  the  track. 

Motors  as  Emergency  Brakes.  The  motors  can  of  course 
l)e  used  to  brake  the  car  by  simply  ir'e'^ing  them  if  current  is  applie<l 
to  them  from  the  line.  But  in  case  the  trolley  flies  off  or  if  the  circuit 
breaker  or  the  fu.se  opens  the  circuit,  or  the  suppFy  of  current  is  inter- 
rupte<l  for  anv  other  rea.son,  they  may  be  u.seil  as  brakes  by  throw- 
ing the  reveise  lever  and  moving  the  controller  handle  to  the  multiple 
position  of  a  two-motor  e<juipment  or  by  simply  throwing  the  reverse 
lever  of  a  four-motor  etjuipment.  These  movements  thn)W  the 
motors  in  multiple  and  connect  the  fielils  ami  annatures  of  the  motor 
in  such  relation  that  they  can  generate  current.  One  of  the  motors 
then  acts  similarly  to  a  generator  in  a  power  house,  deriving  its  power 
from  the  momentum  of  the  moving  car  instead  of  fn)m  an  engine, 
and  .sends  current  through  the  other  motor  of  the  pair  which  acts 
like  any  au.xiliar}'  motor  trj'ing  to  revolve  its  wheels  in  the  opposite 
direction  fmm  that  in  which  liiey  are  revolving.  The  motors  of  a 
four-motor  equipment  are  j)ennanently  ctmnected  in  two  multiple 
groups  jis  long  as  the  reverse  is  not  in  the  central  jx)sition.  In  the 
two  motor  e({uipment  such  connections  are  not  made  until  the  con- 
trt)ller  handle  is  turned  to  the  nudtiple  jKi.sition.  As  the  external 
resi.stance  is  l>eyond  the  junction  of  the  two  m^tor  circuits,  the  braking 
effect  is  not  increasetl  by  cutting  out  the  resistance. 

The  difference  in  the  residual  magnetism  of  the  fiekls  or  in  the 
magnetic  (pialities  of  the  fields  of  the  two  motors  is  prinutrily  the 
cause  of  the  generation  of  the  current.  The  motors  at  first  act  in 
opposition,  but  one  of  them  generates  the  higher  voltage  and  forc-es 
a  current  thnnigh  the  other.  This  current  overc't)mes  the  re.sidual 
magnetism  of  the  .sectind  motor,  thereby  changing  its  |X)larity  and 
l»oth  motors  then  act  in  series  to  senti  the  current  through  the  low 
resistance  path  afTonle»l  by  the  windings.  Any  current  passing 
increases  the  strejigth  of  the  fields  and  ct>nsequently  the  voltages, 
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so  that  abiionnal  currents   are  generated  and  the  ])raking  action  is 
consequently  severe. 

This  generating  action  does  not  take  place  before  the  reverse 
lever  is  thrown  because  the  connections  of  the  armatures  and  fields 
are  such  that  any  current  generated  by  reason  of  the  residual  magnet- 
ism of  the  fields,  flows  in  such  a  direction  through  these  that  this 
magnetism  is  destroyed.  The  current  then  ceases  to  flow.  This 
explains  why  current  is  not  generated  in  No.  2  motor  with  a  K  type 


OuterHost 
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Fig.  57.    Pneumatic  Sauder. 


of  controller  during  the  change-over  period  when  it  is  short-circuited, 
or  in  etjuipments  when  the  trolley  flies  off  and  the  controller  is  turned 
on. 

Brake  Shoes.  The  subject  of  brake  shoes  is  of  very  little 
importance  on  the  smaller  cars  traveling  at  slow  speeds  and  con- 
trolletl  alone  by  hand  brakes.  On  the  larger  high  speed  interurban 
cars,  the  brake  shoe  (juestion  becomes  an  important  item  because 
of  the  rapidity  with  which  they  are  worn  away.  On  such  cars  shoes 
sometimes  last  but  about  one  week.  This  means  eight  shoes  per 
week  per  car  or  an  expense  of  about  .$4.00  per  car  per  week. 

Brake  shoes  are  usually  of  soft  gray  cast  iron  with  inserts  of 
steel,  although  some  companies  use  very  hard  iron.  They  are  usually 
fastened  by  means  of  a  key  to  a  brake  shoe  head  permanently  attached 
to  the  brake  rigging.  The  brake  levers  are  so  adjusted  that  the  shoes 
clear  the  wheels  about  j^j-inch  when  the  brakes  are  released.     This 
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distance  increases  a.s  the  shoes  wear,  so  that  the  brakes  must  \>e  a<l- 
juste<l  fre<|uently  to  take  up  the  slack  and  prevent  waste  of  air. 

Track  Sanders.  A  sprinkling  of  sancl  on  the  rail  increases 
woiulerfully  the  iulhesion  of  the  rail  and  wheel.  'I'here  is  usually 
on  cars  some  provision  made  for  scattering  sand  on  the  rails  imme- 
<lintely  in  front  of  the  lemling  wheels.  Fnmi  sand  lH)xes  placed 
under  the  .seats  in  the  .smaller  cars,  or  on  the  tnick  of  the  larger 
ones,  flexible  ho.se  or  ])i{)es  drop  within  an  inch  or  two  of  the  rail 
in  front  of  the  leading  wheels.     A  valve  under  the  contn)l  of  the 


Fig.  68.    Curves  of  HrakinK  Tests. 

motonnan  regulates  the  flow  of  sand  to  the  rail.  Sometimes  air 
pressure  is  used  to  blow  the  sand  out  of  the  sand  box  into  the  hose. 
In  this  case  air  pressure  is  obtained  from  the  air  brake  .sy.stem,  and 
an  air  valve  leading  to  the  .sand  box  is  placed  in  the  motonnan 's 
cab.  A  .secti<)n  through  a  pneiunatic  .sander  of  this  kind  is  .shown  in 
Fig.  57. 

Coefficient  of  Friction.  It  hixs  been  found  by  ex}>eriment 
that  the  ct>eflicient  of  friction  lietween  the  car  wheel  and  rail  is  alNHit 
25  per  cent  of  the  weight,  on  the  wheel  when  the  rails  are  dr>';  that 
is,  a  car  wheel  having  a  weight  of  2,0()0  {)ounds  upon  it  would  not 
l>e  able  to  exert  either  an  accelerating  or  a  retanling  fon-e  excelling 
25  |>er  cent  of  this,  or  5(H)  jHiunds.  This  is  when  the  wheel  is  rolling. 
There  is  apparently  a  kind  of  locking  or  inter-meshing  of  the  rotigh 
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surfaces  of  wheel  and  rail  when  the  wheel  is  rolling,  because  it  is 
found  that  when  a  wheel  begins  to  skid  cr  slide,  the  coefficient  of 
friction  falls  off  about  two-thirds.  The  inaximunri  braking  or  re- 
tarding force  that  can  be  obtained,  therefore,  in  a  dry  rail,  amounts 
to  25  per  cent  of  the  weight  of  the  car.  If  the  rail  is  slippery  this  is 
much  reduced;  or  if  the  wheels  are  allowed  to  slide  it  is  also  much 
reduced.  If  more  retarding  force  than  can  be  obtained  through  the 
medium  of  a  wheel  rolling  on  the  rail  is  desired,  it  must  be  obtained 
either  by  the  track  brakes  or  by  magnetism. 
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Fig.  59.    Automatic  Coupler.   ' 

Rate  of  Retardation  in  Braking.  The  rate  of  retardation 
of  cars  in  braking  is  usually  1  to  2  miles  per  hour  per  second.  In 
other  words  a  car  going  at  a  speed  of  40  miles  an  hour  will  usually 
be  stopped  in  40  to  20  seconds. 

The  plotted  results  of  some  braking  tests  (Fig.  58)  show  a  higher 
rate  of  acceleration.  These  tests  were  made  on  an  interurban  car 
weighing  about  63,000  pounds,  equipped  with  straight  air  brakes. 
Of  the  six  curves  shown,  that  giving  the  highest  rate  of  retardation 
is  No.  4.  This  shows  a  stop  from  a  speed  of  38  miles  per  hour  in 
9i  seconds  or  a  rate  of  retardation  of  about  4  miles  per  hour  per 
second.  All  of  the  curves  shown  are  for  emergency  stops.  They 
show  about  the  highest  rate  of  retardation  that  could  be  made  with 
the  equipment. 

Drawbars  and  Couplers.  For  small  surface  cars  a  crude 
drawbar  is  usually  provided  consisting  simply  of  a  straight  iron  bar 
pivoted  under  t!ie  car  and  provided  with  a  cast-iron  pocket  near  the 
end.  A  coupling  pin  pa.ssing  through  the  pocket  of  one  coupler  and 
through  a  hole  in  the  end  of  the  bar  of  the  other,  holds  the  two  cars 
together. 

The  retiuireiuents  of  a  coupler  for  heavier  cars  such  as  those 
used  on  interurban   and  elevated  romls  are  more  exacting.     The 
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eii<ls  of  the  bars  are  usually  pivotetl  under  the  car  al)Out  five  feet 
Imck  from  the  bumj)er.  A  spring  cushion  intervenes  l)etween  the 
|)iv()t  [H)int  and  the  drawlmr  head.  The  ilhistrations,  Figs.  59  and 
(K),  show  the  action  of  the  ^'an  Dorn  Automatic  coupler,  which  is  the 
one  use<i  by  all  the  elevate*!  lines  in  the  United  States.  The  link  is 
placed  in  one  of  the  drawbar  hea<ls  ami  the  pin  in  the  other.  As 
the  cars  come  together  the  wcdge-shajKHl  end  of  the  link  forces  its 
way  l)etween  the  pin  and  a  spring.  Wiien  the  faces  of  the  drawbar 
heiuis  meet,  the  spring  forces  the  link  to  engage  the  pin.  The 
mechanism  is  designeil  esjHX'ially  to  prevent  lost  motion  l>etween 
a)i)pler    heads    Iwcause,   unlike  steam   railroa<l    drawbars,  electric 


Fl>?.  60. 

car  drawbars  must  swivel  to  round  curves  and  a  great  amount  of 
play  at  the  point  of  coupling  with  swiveling  drawbars  would  allow 
the  (tmplers  to  bend  under  a  pushing  strain. 

CAR  CONSTRUCTION. 

Car  Bodies.  In  cities  there  are  three  general  ty|>es  in  com- 
mon use;  namely,  Ik>x  cars,  suited  for  winter  use  only;  open  cars, 
.suited  for  summer  u.se  only;  an<l  .semi-convertible  cars,  which  can 
Ik*  adapttnl  to  either  summer  or  winter  use.  The  ojH'n  and  Im)X 
i'ars  an*  the  older  ty|H*s.  The  semi-convertible  car  is  usually  pro- 
vitled  with  a  center  nisle,  antl  cross  seat?  on  each  side  of  this  aisle. 
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The  windows  are  large,  «>  that  they  can  l>e  lowered  or  raised  in 
sufiuiHT  to  make  something  nppnmchiiij;  the  chararter  of  an  o|m*ii 
ear.  The  ear  iMittom,  whieli  forms  the  hasis  for  the  entin*  ear 
stnieture,  is  eonstnietetl  witli  longitudinal  sills  either  of  steel  or 
of  w(mm1  eonihineil  with  steel.  One  form  of  eonstniction  employs 
as  the  main  su|)j>orts  two  steel  channel  hars  extending  the  full  length 


Fig.  a.    OrosK-Sectlon  of  Car  Body. 

of  the  car.  Steel  I-heams  are  sometimes  tise<l.  Where  wckhI  is 
usetl  in  combination  with  steel  for  h)ngitudinal  sills,  t!ie  steel  is  usually 
in  tlie  form  of  flat  .steel  plates  l)etween  the  timliers.  Mast  ears  .seat 
al)Out  one  pa.ssenger  })er  foot  of  length  over  all. 

Many  more  difficulties  are  met  in  the  construction  of  pas.senger 
cars  for  electric  railways  than  in  steam  coach  con.struction.  The 
electric  car  mu.st  have  low  .steps  and  platforms  and  turn  .short  cur\'es. 
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Tlu'  difficulties  jire  larj];ely  in  the  floor  framing  of  the  car.  TTie 
phitfornis  at  each  end  are  usually  eight  to  ten  inches  lower  than 
the  fl<x)r  of  the  interior.  As  the  car  must  fretjuently  be  designed  to 
pass  around  curves  of  small  radius,  often  of  only  thirty  or  forty  feet, 
sufficient  clearance  must  be  provided  for  the  swing  of  the  trucks. 
This  necessitates  that  the  trucks  of  a  double  truck  car  be  set  far 
enough  back  towards  the  center  of  the  car  to  clear  ths  dropped 
platform  timbers,  shown  in  Fig.  63.  In  the  illustration  shown.  Fig. 
01,  the  truck  centers  are  but  21  feet  8  inches  apart,  while  the  ends 
overhang  the  truck  centers  1 1  feet  4.7  inches.  It  is  difficult  to  support 
this  overhanging  weight  properly.  The  difficulty  is  increased  by 
the  fact  that  the  rear  platform  is  often  crowdefl  with  passengers 
having  an  aggregate  weight  of  one  ton  or  more.     Trusses  manifestly 
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Fig.  f>3.    Reinforcing  Plates. 

cannot  be  employed  to  give  rigidity  to  the  long  platform.  This  is 
usually  given  in  cars  of  wood  construction  by  reinforcing  the  plat- 
form timbers  with  steel  plates  as  shown  in  the  figure.  In  order  that 
the  dropping  tendency  of  the  platform  shall  not  bow  up  the  body 
of  the  car  between  the  trucks  this  portion  must  be  braced  rigidly. 
The  space  below  the  windows  and  above  the  side  sill  is  utilized  for 
this  purpose.  The  side  sill  is  moreover  strengthened  bv  having  steel 
plates  bolted  to  it. 

The  longitudinal  members  of  the  body  framing  are  termed 
sills.  These  are  usually  of  long  leaf  yellow  pine.  Various  com- 
binations of  wood  and  steel  are  employed  for  sills,  an  example  of 
which  is  seen  in  Figs.  61  and  62.  The  sills  are  kept  the  proper 
distance  apart  by  "bridgings"  or  cross  sills  mortised  into  them 
at  intervals  and  by  "end  sills."  The  whole  framing  is  tietl  together 
by  the  nnls  running  parallel  to  the  bridging.  These  tie  rcxls  are 
often  provided  with  turn  buckles  for  tightening  when  occasion  may 
reciuire. 


280 


ELECTKK^    RAILWAYS  71 


'llie  outer  silLs  are  termed  su\e  sills;  tliose  nearest  the  center 
of  the  car,  the  center  sills  or  draft  timbers;  while  those  l)etween  are 
<'alle;l  intermetliate  timl)ers. 

The  remaining  portion  of  the  car  is  constnicte<l  much  after 
the  manner  of  a  steam  coach.  The  posts  l>etween  the  windows  are 
mortised  into  the  side  sill  at  the  l>ottom  and  into  a  top  sill  at  their 
upper  end.  'Diey  are  laterally  braced  by  a  l)elt  rail  immediately 
under  the  window  opening,  both  the  belt  rail  and  the  pt)sts  l>eing 
gained  out  so  that  the  rail  fits  flush  with  the  posts.  A  wide  letter 
lM)anl  gained  into  the  {H)st  just  l>elow  the  side  plate  ad<ls  to  the  bra- 
cing of  the  side  of  the  car,  as  does  also  an  iron  truss  usually  one-fourth 
to  one-half  inch  thick  and  two  to  three  inches  wide  which  is  gained 
into  the  jxists  on  the  inside  running  just  under  the  windows  between 
the  truck  centers,  and  then  des<ends  to  pass  through  the  suit'  sills 
and  fasten  by  a  Ixilt  underneath. 

The  roof  consists  of  the  up|>er  and  lower  decks.  That  jK)rtion 
over  the  platform  or  vestibule  is  terme<l  the  IukkI.  Rigidity  is  given 
to  the  whole  upj)er  |K)rtion  of  the  car  by  the  end  plates  resting  on  the 
comer  posts  and  extending  l)etween  the  side  plates  at  either  end  of 
the  car  Inxly  pn)j)er,  and  by  .steel  carlins  which  confonn  to  the  |)eculiar 
.sha|)e  of  the  nK)f  and  extend  l>etween  the  side  plates.  The  steel 
carlins  are  usually  place<l  over  alternate  side  posts.  Holte<l  on  either 
sade  of  them  ami  plac-eil  at  intervals  of  al>out  twelve  inches  l)et^een 
are  wood  carlin.s.  The  wood  carlins  of  the  lower  deck  extend  from 
the  side  plate,  to  which  they  are  fastene<l  by  screws,  to  the  top  sill, 
swhich  is  immediately  l)elow  the  windows  of  the  upper  deck.  Alnne 
these  windows  is  the  top  plate,  sup|X)rting  the  carlins  of  the  upper 
deck,  which  extend  Ijetween  and  a  few  inches  l)eyond  the  two  top 
plates.  Poplar  .sheathing  three-eighths  or  one-half 'inch  is  nailed 
over  carlins  and  on  this  heavy  canvas  usually  of  six  or  eight  ounce 
duck  is  stretchetl  tightly.  Several  coats  of  heav>'  paint  on  the  canvas 
and  a  trolley  board  for  suppt)rting  the  trolley  .stand  complete  the 
roof.  On  the  underside  of  the  <'arlins  the  headlining,  usually  of 
birch  or  binlseye  maple,  is  .se<"ure<l.  This  fonns  the  interior  fini.sh 
of  the  ceiling  of  the  car. 

Steel  Car  Framing^.  As  a  result  of  the  demands  of  the 
officials  of  the  New  York  Subway  f«»r  cars  of  greater  .strength  and  less 
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subject  to  danger  from  fire,  much  progress  has  been  made  in  the  last 
few  vears  in  the  construction  of  cars  with  steel  framing.  Steel  con- 
struction is  much  more  expensive  than  that  in  which  the  framing  is 
of  wood  and  is  considerably  heavier.  The  advantages  lie  partly  in 
the  fact  that  it  is  more  durable,  but  the  great  reason  ff)r  the  interest 
with  which  the  new  style  of  construction  has  been  receive<l  is  that  the 
danger  of  collapse  and  consecjuent  injury  to  passengers,  in  case  of 
accident,  is  greatly  diminished. 

Car  Weights.  The  total  weight  of  a  street  car  with  a  body 
1()  feet  long  over  corner  po.sts  moimted  on  a  single  truck  with  two 
motors  is  approximately  14,000  pounds.  Of  this  the  body  weighs 
about  4,500  pounds,  the  truck  4,400  pounds,  and  the  motors  and  the 
electrical  equipment  the  remaining  5,100  pounds.  The  weights  of 
the  .separate  parts  of  a  certain  interurban  car  measuring  52  feet  6 
inches  over  the  bumpers  mounted  on  double  trucks,  one  of  which 
carried  two  motors,  is  body  34,065,  motor  truck  9,565,  trail  truck 
6.670,  electrical  equipment  12,800;  total  63,100. 

An  interurban  car  of  about  the  same  size  as  the  one  just  men- 
tioned but  e(juippe(l  with  four  motors  gave  the  following  weights: 
Body  with  controller  and  resistance  grids  39,000  pounds,  trucks 
19,130  pounds,  motors  15,420  pounds;  total  73,550  pounds. 

Car  Painting.  A  great  deal  of  attention  is  given  to  the  proper 
painting  of  cars.  A  car  painted  with  care  and  proper  materials 
always  pre.sents  an  attractive  appearance,  while  one  carelessly  painted 
is  readily  noticeable.  New  cars  go  through  an  elaborate  painting 
process.  The  time  required  is  from  two  to  three  weeks.  The  fol- 
lowing scheme  may  be  regarded  as  an  example  of  a  good  process: 

A  coat  of  primer  is  given  the  car  the  first  day.  On  the  third  day  ail 
irregularities  are  puttied  up  smooth.  On  the  fourth  aud  fifth  days  a 
lieavy  primer  is  applied,  one  coat  ou  each  day.  A  coat  of  filler  is  given 
on  the  sixth  day  and  allowed  to  harden  the  following  day.  The  next  paint 
applied  is  termed  a  guide  coat.  This  is  of  a  color  difTerent  from  the  pre- 
ceding ones  and  serves  as  a  guide  for  the  rubbers,  who  on  the  following 
day  go  over  the  car  with  mineral  wool,  fine  sandpaper,  or  pumice  stone 
and  rub  it  until  the  guide  coat  is  worn  away.  This  assures  an  even  and 
smooth  surface.  On  the  tenth  day  the  car  is  allowed  to  stand.  A  coat  of 
the  color  desired  is  applied,  one  on  each  of  the  following  three  days.  On 
the  fourteentli  and  fifteenth  days  the  car  is  striped  with  the  desired  orna- 
ments and  lettere<l.  This  is  usually  done  in  aluminum  or  gold  leaf.  The 
ear  Is  then  given  three  coats  of  varnish  on  alternate  days,  and  the  work  is 
completeii.  The  West  practice  brings  the  cars  in  once  each  year  to  be 
revarnisbed. 
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PART    II. 


OVERHEAD  CONSTRUCTION. 

Trolley  Wire.  The  trolley  wire  is  suspended  from  the  span 
wires  or  brackets  in  such  a  way  as  to  permit  of  an  uninterrupted 
passage  of  an  upward  pressing  trolley  wheel  undemeatli  it.  The 
trolley  wire  itself  may  be  either  round,  grooved*,  or  figure  8  in  section. 
^^^le^e  a  round  wire  is  used,  No.  00  B.  &  S.  gauge  is  the 
most  common  size.  Figure  8  wire,  so  called  from  its  sec- 
tion, which  is  shown  in  Fig.  64,  is  designed  to  present  a 
smooth  under  surface  to  the  trolley  wheel,  which  will  not 
be  interrupted  by  the  clamps  or  ears  used  to  support  it. 
Clamps  are  fastened  to  the  upper  part  of  the  figure  8. 
The  grooved  wire  is  rolled  with  grooves  into  which  the 
supporting  clamps  fasten.  This  wire  also  presents  a 
smooth  under  surface  to  the  trolley  wheel. 

Trolley-Wire  Clamps  and    Ears.     The  trolley   is   supportetl 
either  by  clamps  or  by  soldered  ears.    One  type  of  clamp  grasps  the 


Fig.  64. 


'^iP 


Fig.  06.    TroUey  Wire  Clamp  aud  Ear. 


wire  by  virtue  of  screw  pressure.  A  soldered  ear  is  shown  at 
E,  Fig.  65.  This  ear  has  small  projections  at  each  end,  which 
are  bent  around  the  wire  to  assist  the  solder  in  holding  the  wire 
to  the  ear.  Another  form  of  ear,  used  to  .some  extent,  holds  the 
wire  by  virtue  of  having  the  edges  of  Uie  groove  offset  or  riveted 
around  the  wire. 
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The  ear  or  clamp  screws  to  a  bolt  which  is  insulated  from  the 
metal  ear  through  which  passes  the  span  wire.  A  cross-section 
through  a  common  type  of  trolley-wire  hanger  is  shown  in  Fig.  66. 
Here  there  is  an  outer  shell  of  metal,  which  is  adapted  to  hook  to 
the  span  wire.  In  this  shell  is  an  insulating  bolt,  that  is,  a  bolt 
surrounded  with  some  form  of  insulating  material  which  is  very 
strong  mechanically  and  not  likely  to  be  cracked  by  the  hammering 
action  of  the  passing  trolley  wheel.  Most  of  the  insulating  com- 
pounds used  in  making  trolley-wire  insulators  are  trade  secrets. 
Another  kind  of  insulator  called  the  "cap  and  cone"  type  is  shown 


Fig.  66.    Cross-Section  Trolley  Wire  Hanger. 

at  C,  Fig.  65.  In  these  insulators,  the  metal  part  B  which  fastens 
to  the  span  wire  does  not  completely  surround  the  insulation  C. 
Wood  has  sometimes  been  used  for  the  insulation  of  trolley-wire 
hangers. 

Span  Wires.  In  city  streets,  the  trolley  wire  is  commonly 
suspended  from  span  wires  stretched  between  poles  located  on 
both  sides  of  the  street.  These  span  wires  are  of  J-inch  or  |-inch 
galvanized  stranded  steel  cable.  In  order  to  add  to  the  insulation 
between  the  trolley  wire  and  the  poles  at  the  side  of  the  street,  what 
is  called  a  strain  insulator  is  placed  in  the  span  wire.  This  is  an 
insulator  adapted  to  withstand  the  great  tension  put  upon  it  by  the 
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span  wire.  One  of  tliese  is  shown  in  Fig.  67.  Means  are  usually 
provided  for  tightening  the  span  wires  as  they  stretch  and  as  the 
poles  give  under  the  strain.  The  insulator  in  Fig.  67  has  a  screw 
eye  for  that  purpose. 


Pig.  87.    Strain  Insulator. 

Brackets.  In  the  bracket  type  of  overhead  construction,  a 
trolley  wire  is  fastened  to  brackets  placed  on  poles  near  the  track. 
This  construction  is  used  on  suburban  and  interurban  lines  where 
the  presence  of  poles  near  the 
track  is  not  objectionable. 
It  has  been  found  that  a  rigid 
connection  of  the  trolley  wire 
to  a  bracket  is  likely  to  result 
in  the  breaking  of  the  trolley- 
wire  insulators.  For  this 
reason  the  brackets  now  com- 
monly used  provide  for  a  flex- 
ible suspension  of  the  trolley- 
wire  hanger  from  the  bracket. 
A  bracket  employing  such 
flexible  construction,  made 
by  the  Ohio  Brass  Company, 
is  illustrated  in  Fig.  6<S. 

An  example  of  standard 
straight-line  bracket  con- 
struction is  shown  in  Fig.  69. 

Feeders.  NVTiere  addi- 
tional conductivity  is  needed 
beyond  that  fumishetl  by  the  '— — . 

.  ''  Pig.  OS.    Overbead  Construe  Von. 

trolley  wire  itself,  feeders  are 

run  on  insulators  along  the  poles  at  the  side  of  the  track.    Such 

feeders  are  connected  to  the  trolley  wire  at  r^ular  inter\'als.    Where 


76 


ELECTRIC    RAILWAYS 


span-wire  construction  is  used,  the  feed  wire  may  be  substituted  for 
the  span  wire  at  the  pole  where  the  connection  between  feed  wire 
and  trolley  wire  is  made.  In  such  a  case,  of  course,  a  trolley-wire 
hanger  is  used  which  has  no  insulator,  so  that  the   current   feeds 


.f.ie-T/irtBcIt 
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Fig.  60.    Standard  Straight  Line  Construction. 

directly  through  the  hanger.    Another  method  is  to  run  the  feed  con- 
nection parallel  with  a  span  wire  and  a  short  distance  from  it. 

Section  Insulators.  Section  insulators  are  usually  placed  in 
the  trolley  wire  at  regular  intervals.  Such  a  section  insulator  is 
shown  in  Fig.  70.    Its  purpose  is  to  insulate  one  section  of  trolley 
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wire  from  the  next,  so  that  in  case  the  trolley  wire  of  one  section 
breaks,  or  is  grounded  in  any  other  manner,  that  section  can  \)C  <iis- 
connecled  and  tlie  other  sections  on  either  side  kept  in  o|)eration. 
In  large  city  street-railway  systems,  each  section  of  trolley  wire  usually 
has  its  own  feeder  or  feeders,  independent  of  the  other  sections. 
This  feeder  is  supplied  through  an  automatic  circuit  breaker  at  the 
power  house.  In  case  a  certain  section  of  trolley  wire  is  grounded 
the  large  current  that  immetliately  flows  will  open  the  circuit  breaker 
supplying  that  section;  but,  unless  the  ground  contact  is  of  an  ex- 
tremely low  resistance,  it  will  not  affect  the  operation  of  the  other 
feeilers.     Should  it  l>e  of  sutticicntlv  low  resistance  to  cause  all  the 


Klg.  70.     Seotl<»n  lusuUitur. 

generator  circuit  breakers  to  o|>en,  it  would,  of  ctjurse,  interrupt  the 
entire  ser>'ice  temporarily;  but  usually  the  circuit  breaker  on  any 
individual  feeder  will  cut  that  feetler  out  before  all  the  circuit  breakers 
will  open. 

Hish-Tension  Lines.  WTiere  high-tension  alternating-current 
wires  are  nm,  as  in  the  case  where  the  road  is  of  such  length  as  to 
require  the  establishment  of  several  substations,  these  high-tension 
circuits  are  usually  carried  some  distance  above  the  500-volt  direct- 
current  trolley  and  feeders.  An  example  of  intenirban  overhead 
construction  is  shown  in  Fig.  69.  Here  the  high-tension  wires  are 
carried  on  lai^e  porcelain  insulators  of  a  size  necessary  for  26,000 
volts.  These  insulators  are  placed  35  inches  apart.  High-tension 
wires  are  kept  so  far  apart  because  of  the  danger  that  arcs  will  in 
some  way  be  started  between  the  lines,  as  the  high-tension  current 
will  maintain  an  extremely  long  arc.  The  blowing  of  green  twigs 
across  the  lines,  or  birds  of  sufficient  size  flying  into  the  lines,  is  likely 
to  establish  arcs  which  will  temporarily'  short-circuit  the  line.    The 


78  ELECTRIC    RAILWAYS 

greater  the  distance  apart  of  the  wires,  the  less  danger  that  such 
things  will  occur. 

Both  glass  and  porcelain  insulators  are  successfully  used  on 
lines  of  very  high  tension.  Glass  is  the  cheaper  and  porcelain 
has  the  greater  mechanical  strength. 

High-tension  wires  are  usually  of  hard-drawn  copper  or  of 
aluminum  made  up  in  the  fonn  of  a  cable  of  several  strands.  Alu- 
minum is  lighter  for  a  given  conductivity  than  copper;  and,  at  the 
market  price  controlling  at  the  present  time,  is  cheaper.  It  is,  how- 
ever, more  subject  to  unevenness  of  composition,  which  leaves  weak 
spots  at  certain  points  in  the  wire;  and  that  is  the  reason  why  alu- 
minum is  now  always  used  in  the  form  of  a  stranded  cable  rather 
than  as  a  single  conductor.  Aluminum,  being  considerably  softer 
than  copper  and  melting  at  a  lower  temperature,  is  more  likely  to 
be  worn  through  as  a  result  of  abrasions  or  to  be  melted  off  by  a 
temporary  arc.  These  slight  objections  are  balanced  against  its 
smaller  first  cost  as  compared  with  the  cost  of  copper. 

The  calculation  of  the  proper  amount  of  feed  wire  for  a  given 
section  of  road  is  somewhat  similar  to  the  calculation  of  electric 
light  and  power  wiring  as  already  outlined.  It  is  first  necessary  to 
estimate  approximately  the  amount  of  current  required  at  different 
portions  of  the  line.  The  amount  of  drop  to  be  allowed  between 
the  power  house  and  cars  must  be  decided  arbitrarily  by  the  engineer. 
A  drop  of  10  per  cent  is  probably  the  one  most  commonly  figured 
upon  in  designing  feeding  systems.  The  resistance  in  ohms  of  the 
copper  feeders  required  to  conduct  a  given  current  with  a  given  loss 
in  volts,  can  be  calculated  by  dividing  the  volts  lost  by  the  current, 
according  to  Ohm's  law.  By  the  aid  of  a  table  which  gives  the 
conductivity  of  various  sizes  of  wire  according  to  the  methods  out- 
lined in  connection  with  "Electric  Wiring,"  the  proper  number  and 
size  of  the  feeders  can  be  determined.  The  most  difficult  thing  to 
determine  is  the  load  that  will  be  placed  upon  any  section  of  the  line. 
Of  course,  there  will  be  times  when  cars  are  bunched  together  owing 
to  blockades.  It  is  out  of  the  question  to  provide  enough  feeder 
copper  to  keep  the  loss  in  voltage  within  reasonable  limits  at  such 
times.  The  ordinary  load  upon  any  feeder  is  used  as  the  basis  of 
calculation  in  most  cases.    The  amount  of  current  required  per  car 


ELECTRIC    RAILWAYS 


19 


[^^^ 


Fig .  71 .    Tblrd-Rall  Insulator. 


depends  on  the  weight  of  the  car  and  the  character  of  the  service 
This  will  be  taken  up  later  under  the  head  of  "C)|)eration." 

THIRD   KAIL. 

Location.  The  thinl-rail  system  of  conducting  current  to 
electric  cars,  as  most  conmionly  employe<l  in  the  Unite<l  States, 
follows  the  example  set  by  the  Metro|x>litan  West  Side  Elevated 
Railway  of  Chicago.  All  the  ele- 
vated roads  in  the  United  States 
are  now  ()|)erated  by  means  of  thinl 
rails  l(K'ate<l  at  one  side  of  the 
track.  The  tliird  rail  is  an  ortlinary 
'i'-rail  and  is  located  with  the  center 
of  its  heatl  20  inches  outside  of  the 
gauge  line  of  the  nearest  track  rail, 
and  6j'y  inches  above  the  top  of 
the  track  rail.  On  a  few  intemrban 
roads    this    distance    has  been   in- 

creasetl  in  order  to  accommotlate  certain  steam  railroad  rolling  stock 
which  must  at  times  be  operated  over  the  line. 

Insulators.  The  third  rail  is  supported  every  fifth  tie  on  an 
insulator.  These  insulators  on  first  construction  were  made  of 
wootlen  blocks  boiletl  in  paraffine,  but  at  the  present  time  more 
substantial  forms  of  insulation  are  being  used. 

One  fonn  of  third-rail  insulator,  known  as  the  "Gonzenbach,** 
has  a  base  of  cast  iron  resting  on  the  tie.  Over  this  is  placed  a  cap 
of  insulating  material  similar  to  that  usetl  in  strain  and  trollev-wire 
insulators.  Over  this  insulating  material  is  another  cast-iron  cap 
upon  which  the  third  rail  rests.  The  weight  of  the  third  rail  holds 
it  in  position,  and  there  is  no  clamping  together  of  the  various  parts 
of  the  insulator. 

Another  form  of  third-rail  insulator  is  made  of  what  is  called 
"reconstructed  granite,"  and  another  of  vitrified  clay.  Fig.  71 
shows  one  of  the  latter. 

Switches.  Where  the  third  rail  is  used,  a  contact  shoe  is 
placed  on  each  side  of  both  trucks  of  the  motor  car.  At  switches 
it  is  necessary  to  omit  the  third  rail  for  a  short  distance  on  one  side 
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of  the  track,  and  place  a  short  section  of  third  rail  on  the  other  side 
of  the  track  so  that  the  current  supply  to  the  car  will  be  uninterrupted. 

At  Highway  Crossings.  Where  the  third-rail  system  is  em- 
ployed on  interurban  surface  hues,  it  is  necessary  to  omit  a  section 
of  it  at  every  highway  crossing.  If  the  crossing  is  too  wide  to  be 
bridged  across  by  a  car,  the  car  must  have  sufficient  momentum  to 
drift  over  such  crossings  when  it  comes  to  them.  To  connect  across 
the  break  in  the  third  rail  at  such  points,  an  underground  cable 
is  generally  used.  This  cable  must  be  thoroughly  protected  against 
leakage  of  moisture  into  the  insulation  where  it  comes  to  the  surface 
for  connection  to  the  third  rail. 

Another  form  of  third  rail,  laid  several  years  ago  on  some  of 
the  lines  of  the  New  York,  New  Haven  &  Hartford  Railroad,  was 
of  an  inverted  V-shape,  and  was  laid  midway  between  the  track 
rails  with  its  top  1  inch  above  them  and  its  bottom  only -If  inches 
above  the  ties.  It  was  supported  on  wooden  blocks.  This  location 
of  the  third  rail  has  never  been  popular,  because  of  the  poor  insula- 
tion with  the  rail  located  so  close  to  the  ties  between  the  rails. 

Conductivity.  The  conductivity  of  a  steel  rail  varies  consid- 
erably. A  rail  of  the  ordinary  composition  used  on  steam  railroads 
is  too  high  in  carbon  to  give  the  best  conductivity.  Such  a  rail 
has  about  one-tenth  the  conductivity  of  the  same  cross-section  of 
copper.  Steel  can  easily  be  obtained,  however,  which  will  have 
one-seventh  the  conductivity  of  copper,  and  the  additional  cost  of 
obtaining  such  special  steel  is  quite  low,  so  that  the  majority  of 
roads  installing  the  third-rail  system  have  seen  fit  to  pay  the  extra 
cost  and  thereby  secure  a  softer  rail  than  that  usually  employed  in 
track  rails. 

Cost.  The  cost  of  the  third-rail  system  is  less  than  an  over- 
head trolley  system,  provided  enough  copper  is  placed  in  the  trolley 
feeders  to  make  the  conductivity  of  the  trolley  system  equal  to  that 
of  the  third-rail  system.  It  is  very  seldom,  however,  that  a  trolley 
system  is  so  constructed  on  an  interurban  road ;  and  hence  the  trolley 
system,  as  usually  constructed,  is  cheaper  than  the  third-rail  system, 
because  it  is  not  of  equal  conductivity  to  a  third-rail  system. 

Advantages  in  Operation.  Where  very  heavy  cars  or  trains 
are  to  be  operated,  the  third-rail  system  is  decidedly  an  advantage, 
for  two  r^^^sons     Ixi  tne  first  place,  it  affords  th^  cheaper  method 
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of  (-oiKhicting  a  given  heavy  volume  of  current;  and  in  the  seeond 
place,  the  contact  shoes  that  conduct  the  current  from  the  thinl  rail 
to  the  moving  car  or  train  are  built  to  earn,-  a  much  lar^r  volume 
of  current  than  the  trolley  wheel,  which  has  only  a  small  area  of 
contact  on  the  trolley  wire.  Ordinarily  there  are  two  of  these  contact 
shoes  in  nuiltiple  for  every  motor  car. 

Another  ailvantage  of  the  thinl  rail  over  the  trolley  is  that  the 
trolley  may  leave  the  wire  at  high  speetls  or  in  passing  switches. 
On  well-<'onstructe<l  roiwls,  where  the  tn)lley  wire  is  kept  in  giKxl 
alignment  and  the  track  is  snuK)th,  there  is  little  trouble  from  this 


Fig.  72.    Cross-Section  of  Conduit. 

source;  but  it  is  undoubtedly  a  convenience  to  \ye  able  to  operate 
cars  or  trains  without  giving  any  attention  to  a  trolley  pole. 

CONDUIT   SYSTEMS. 

'I'he  undei^round  conduit  system,  in  which  the  conductors 
conveying  the  current  to  the  cars  are  located  in  a  conduit  under 
the  tracks,  is  in  use  in  two  cities  of  the  United  States — New  York 
City  and  Washington,  D.  C.  The  cost  of  this  system,  and  the 
danger  of  interruption  of  the  service  where  the  drainage  is  not  excel- 
lent, have  prevented  its  more  extensive  adoption. 

The  New  York  tv'pe  of  conduit  is  a  good  example  of  this  con- 
struction. The  conductors  consist  of  T-bars  (CC)  of  steel  supported 
from  porcelain  cup  insulators  located  15  feet  apart  in  the  conduit. 
A  cross-section  of  the  conduit  U  shown  in  Fig.  72.  At  each  insulator 
a  handhole  is  provided  (Fig.  73),  so  that  access  may  be  hat!  to  the 
insulator  from  the  street  surface.    Manholes  are  provided  at  inter>*als 
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of  about  150  feet,  so  that  the  dirt  which*  collects  in  the  conduit  can 
be  scrape<l  into  these  manholes  and  removed  at  intervals.  The 
manholes  also  serve  as  points  of  drainage  to  the  severer  system. 

Contact  Plow.  Current  is  conducted  to  the  car  through  a 
pair  of  contact  shoes  commonly  called  a  jylow  (Fig.  74).  This  plow 
has  the  two  shoes  insulated  from  each  other,  and  from  the  frame 
of  the  plow.  They  are  provided  with  flat  springs  that  hold  the 
shoes  against  the  conducting  bars  in  the  conduit.  The  shank  of 
the  plow  is  thin  enough  {^^  inch)  to  enter  the  slot  of  the  conduit. 

The  conductors  pass  up  through 
the  middle.  These  plows  can, 
of  course,  be  removed  only  when 
the  car  is  over  an  open  pit. 

Cost.  A  conduit  system  of 
this  kind  is  very  expensive  to 
build  because  of  the  fact  that  a 
very  deep  excavation  must  be 
made  in  the  street  to  accommo- 
date the  conduit.  The  track 
rails,  slot  rails,  and  sheet-steel 
conduit  lining  are  held  in  align- 
ment by  cast-iron  yokes  placed  5 
feet  apart.  The  entire  space 
around  and  underneath  these 
yokes  is  filled  with  concrete  in 
order  to  give  rigidity  and  a  per- 
manent track.  Three  expensive 
items,  therefore,  enter  into  the  construction  of  a  conduit  road — 
namely,  the  deep  excavation,  which  may  call  for  the  changing  of 
other  underground  pipes  or  conduits  in  the  street;  the  large  amount 
of  iron  and  steel  needed  for  the  yokes  and  slot  rails;  and  the  large 
amount  of  concrete  needed. 

On  American  conduit  roads  the  slot  and  conduit  are  placed 
under  the  middle  of  the  track.  Some  of  these  roads  are  simply 
reconstructed  cable-conduit  roads  in  which  the  old  cable  conduit 
has  been  used  for  electrical  conductors.  In  the  conduit  road  at 
Buda-Pest,  Hungary,  the  slot  is  placed  a,longside  one  of  the  track  rails. 


Pig.  73.    Handhole. 
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Current  Leakage.  The  leakage  on  an  un(ler^>iind  conduit 
roml  is  considerahlc,  l>ecaiise  the  insulators  are  nc(*essimly  l«K'ate<l 
in  a  damp,  dirty  place,  whicii  <*auses  leakage  over  the  surface  of 
the  insulators.  This  leakage,  however,  is  not  pn>hihitive  so  lon^ 
as  the  conductor  rails  are  not  under  water.  If  on  account  of  |KK)r 
draina^^e  the  conductor  rails  Injc-onie  suhnier^e*!,  the  leakage  liecomes 
so  great  that  it  is  im- 
possible to  operate 
the  mat!. 

It  will  he  noticed 
that  the  conduit  sys- 
tem as  illustrated 
here  employs  two 
conductor  rails — one 
for  the  positive  side 
of  the  circuit  and  the 
other  for  the  n^ative. 
The  track  rails,  there- 
fore, are  not  used  as 
conductors,  and  one 
side  of  the  circuit  is 
not  grounded  as  in 
the  ordinary  trolley 
system,  although  the 
leakage  to  groun<l 
may  be  considerable 
from  one  or  both  con- 
ductor rails. 


©  @@jiU@@>  @ 


0      //  0 


w 


yrH 


Sl.= 


a.'^I 


0      0 
\     0      e 


75  ■< 


Pig.  74.    Contact  Plow. 


TRACK  CONSTRUCTION. 

Girder  Rail.  A  great  variety  of  track  rails  are  used  in  electric 
railways.  The  most  common  at  one  time  wa.s  the  girder,  a  t\i)ical 
section  of  which,  with  joint,  is  illu.strate<l  in  Fig.  75.  This  is  an 
outgrowth  of  the  old  tram  rail  u.sed  on  horse  railways.  It  has  a 
tram  alongside  of  the  head,  on  which  vehicles  may  be  driven.  Its 
chief  advantage  from  the  .standpoint  of  the  railway  company  is  that 
there  is  plenty  of  rtxim  for  dirt  and  snow  to  l)e  pu.she<l  away  by  the 
flanges  of  the  cars.  If  the  company  maintains  the  pa\ing,  it  may 
be  to  its  advantage  to  have  teams  use  the  steel  track  rather  than  the 
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paving,  although  this  advantage  in  maintenance  is  probably  more 
than  compensated  for  by  the  delay  of  cars  through  the  regular  use 
of  the  track  l)y  teams. 

Trilby  Groove  Rail.  A  motJification  of 
the  girder  rail,  known  as  the  Trilby,  and  some- 
times as  the  grooved  girder,  is  shown  in  Fig.  76. 
A  rail  similar  to  this  is  used  in  several  large 
cities  of  the  United  States.  It  has  a  groove 
of  such  a  shape  that  the  flanges  of  the  car 
wheels  will  force  snow  and  dirt  out  of  it  instead 
of  packing  it  into  the  bottom  of  the  groove,  as 
in  the  case  of  the  regular  European  narrow- 
grooved  rail.  A  narrow-grooved  rail  in  which 
the  grooves  correspond  closely  to  the  shape  of 
the  car-wheel  flanges  is  sure  to  make  trouble 

in  localities  where  there  is  snow  and  ice,  as  the  grooves  become 
packed  and  derail  the  cars. 

Shanghai  T-Rail.  In  some  systems 
^  a  T-rail  is  used.  Where  the  T-rail  is 
to  be  used  with  paving,  the  popular 
form  is  the  Shanghai  T,  shown  in  Fig. 
77.  This  rail  is  high  enough  to  permit 
the  use  of  high  paving  blocks  around  it. 


Fig.  75.    Girder  Rail. 


Stmt  By.Joanuil 

Pig.  78.    Grooved  Rail. 


Street  Ry.Journal 

Fig.  77     Shanghai  T-Rall  and  Joint. 


Common  T-Rail.     The  T-rail  used  by  steam  railroads  is  known 
as  the  A.  S.  C.  E.  standard  T-rail,  because  it  follows  the  standard 
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dimensions  recommendetl  for  T-rails  by  the  American  Society  of 
Civil  Engineers.  A  standard  Oo-pound  T-rail  of  this  kimi  is  shown 
in  Fig.  78.  Other  weights  of  this  rail  have  the  same  relative  pro- 
portions. Such  a  rail  is  us«l  for  interurhan  roads,  and  for  suburban 
lines  in  streets  where  there  is  no  block  paving.  The  high  rails  are 
used  to  facilitate  paving  with  high  paving  blocks. 

Track  Support.  The  greater  portion  of  track  is  laid  on 
wooden  ties.  Tliese  ties,  in  the  most  substantial  wooden  tie  con- 
struction, are  6  inches  by  8  inches  in  section,  and  8  feet  long.  They 
are  spaced  two  feet  l)etween  centers.  Sometimes  smaller  ties,  spaced 
farther  apart,  are  usetl  in  cheaper  forms  of  construction;  but  the 
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Fig.  78. 


SimtKyJawaal 


Standard  A.  S. 
E.  Rail  and  One 
Joint  Plate. 


forgoing  figures  are  those  of  the  best  con- 
stru/'tion  known  in  American  railway  practice. 
In  paved  streets,  ties  are  usually  employed, 
although  sometimes  what  is  known  as  "con- 
crete stringer"  construction  is  used  instead  of 
ties  to  support  the  rails.  A  strip  of  concrete 
about  12  inches  deep  is  laid  under  each  rail, 
and  the  rails  are  held  to  gauge  by  ties  or  tie 
rods  placed  at  frequent  intervals.  Sometimes 
the  concrete  is  made  a  continuous  bed  under 
the  entire  track.  In  most  large  cities  the  con- 
crete foundation  is  used  under  all  paving;  and  conse(|uently,  when 
^  concrete  is  used  instea<l  of  ties  to  support  the  rails,  this  concrete  is 
simply  a  continuation  of  the  paving  foundation.  Where  ties  are  use<l, 
they  are  laid  sometimes  in  gravel,  crushed  stone,  or  sand,  although 
frequently,  in  the  largest  cities,  they  are  embedded  in  concrete. 
Sometimes  this  concrete  is  extended  under  the  ties,  and  .sometimes 
it  is  simply  put  around  the  ties. 

Ballast.  A  ball&st  of  gravel,  broken  stone,  cinders,  or  other 
material  which  is  self  draining  and  which  will  pack  to  form  a  solid 
l>e<l  under  the  ties,  .should  lie  u.setl  to  get  the  l)est  results  under  all 
forms  of  tie  construction,  Tviiether  in  paved  streets  or  on  a  private 
right  of  way,  as  on  an  interurban  road.  Of  course,  if  concrete  is 
placed  under  the  ties,  the  gravel  or  rock  ballast  is  not  necessary. 
If  ties  are  placed  directly  in  soft  earth,  which  forms  mud  when 
wet,  they  will  work  up  ami  tlown  under  the  weight  of  passing  trains, 
and  an  insecure  foundation  for  the  track  will  be  the  result 
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Joints.  The  matter  of  securing  a  proper  joint  for  fastening 
together  the  ends  of  rails  so  as  to  make  a  smooth  rifhng  track  without 
appreciable  jar  or  jolt  when  the  wheels  pass  a  joint,  has  been  given 
much  study  by  electric  railway  engineers.  A  section  through  an 
orrlinary  bolted  angle-bar  joint  is  shown  in  Fig.  75.  This  joint  is 
formed  by  bolting  a  couple  of  bars,  one  on  each  side  of  the  rails. 
The  edges  of  these  bars  are  made  accurately  to  such  an  angle  that 
they  will  wedge  in  between  the  heatl  and  base  of  the  rail  as  the  bolts 
are  tightened ;  hence  the  name  angle  bars.  This  is  the  form  of  joint 
generally  userl  on  steam  railroads  and  on  electric  roads  in  exposed 
track,  or  in  track  where  the  joints  are  easily  accessible,  as  in  dirt 
streets.  In  paved  streets,  the  undesirability  of  tearing  up  the  pave- 
ment frequently  to  tighten  the  bolts  on  such  joints,  has  led  to  the 
invention  of  several  other  types,  which  will  be  described  later.  Never- 
theless very  good  results  have  been  obtained  in  recent  years  with 
bolted  joints  laid  in  paved  streets  where  care  has  been  given  to  details 
in  laying  the  track,  and  where  the  joints  have  been  tightened  several 
times  before  the  paving  is  finally  laid  around  them. 

Welded  Joints.  Several  forms  of  welded  joints  are  in  use. 
All  these  welded  joints  fasten  the  ends  of  the  rails  together  so  that 
the  rail  is  practically  continuous — ^just  as  if  there  were  no  joints — 
so  far  as  the  running  surface  of  the  rail  is  concerned.  It  was  thought 
at  one  time  that  a  continuous  rail  would  be  an  impossibility  because 
of  the  contraction  and  expansion  of  the  rail  under  heat  and  cold, 
which,  it  was  thought,  would  tend  to  pull  the  rails  apart  in  cold 
weather  and  to  cause  them  to  bend  and  buckle  out  of  line  in  hot 
weather.  Experience  has  conclusively  shown,  however,  that  con- 
traction and  expansion  are  not  to  be  feared  when  the  track  is  laid 
in  a  street  where  it  is  covered  with  paving  material  or  dirt.  The 
paving  tends  to  hold  the  track  in  line,  and  to  protect  it  from  extremes 
of  heat  and  cold.  The  reason  that  contraction  and  expansion  do 
not  work  havoc  on  track  with  welded  joints,  is  probably  that  the 
rails  have  enough  elasticity  to  provide  for  the  contraction  and  expan- 
sion without  breaking. 

It  is  found  that  the  best  results  are  secured  by  welding  rail 
joints  during  cool  weather,  so  that  the  effect  of  contraction  in  the 
coldest  weather  will  be  minimum.  In  this  case,  of  course,  there 
will  be  considerable  expansion  of  the  track  in  the  hottest  weather, 
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hut  tins  (l«K*s  not  cause  seriouM  I>emling  of  the  rails;  wherea>  .r^ia- 
sionaiiy,  if  tlie  track  is  welde*!  in  ven*  hot  weather,  the  contraction 
in  winter  will  cause  the  joint  to  hreak. 

Cast- Welded  Joints.  The  prix-ess  of  cast-welding  joints  con- 
sists in  ptjurin^  very  hot  cast  iron  into  a  mould  placetl  around  the 
ends  of  the  rails.  These  moulds  are  of  iron;  and  to  prevent  their 
sticking  to  the  joint  when  it  is  cast,  they  are  painted  inside  with 
a  mixture  of  linseeil  oil  and  graphite.  Iron  is  usually  poured  so 
liot  that.  l>efore  it  cools,  the  base  of  the  rail  in  the  center  of  the  molten 
joint  l>ecomes  partially  melted,  thus  causing  a  true  union  of  the  steel 
rail  ami  cast-iron  joint.  This  makes  the  joint  solid  mechanically 
anil  a  goo<l  electriral  conductor.     To  supply  melted  cast  iron  during 


FlR.  TO.    Process  of  Cast-  WeldlOR  Joint. 

t!ie  pn>cess  of  ca.st- welt  ling  joints  .on  the  street,  a  small  portable 
cupola  on  wheels  is  e:iiploye<l.  Fig.  70  gives  an  idea  of  the  process 
of  making  cast-welde<l  joints. 

Electrically  Welded  Joints.  An  electrically  wekletl  joint  is 
matle  by  welding  steel  blocks  to  the  rail  ends.  A  .steel  block  is 
place<l  on  each  side  of  the  joint,  and  current  of  very  large  volume 
is  passed  tlm)ugh  frojn  one  blo<-k  to  the  other.  This  current  is  si> 
large  that  tlie  electrical  resistance  l>etween  the  rail  and  steel  block 
cau.ses  that  jMiint  to  l>ecoine  molten.  Current  is  then  shut  off,  and 
the  joint  allowed  to  (xmjI.  There  is  in  this  case  r  tnie  wel<l  l>etween 
the  .steel  blo(*ks  and  the  rails  and  joint 
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An  electric  welding  outfit  being  expensive  to  maintain  and 
operate,  this  process  is  usetl  only  where  a  large  anioinit  of  welding 
can  he  done  at  once.  Current  is  taken  from  the  trolley  wire.  A 
rotary  converter  set  takes  500-volt  direct  current  from  the  trolley 
wire,  and  converts  it  into  alternating  current.  This  alternating 
current  is  taken  to  a  static  transformer  which  reduces  the  voltage 
and  gives  a  current  of  great  cjuantity  at  low  voltage,  the  latter  cur- 
rent being  passed  through  the  blocks  and  rails  in  the  weUling  proc- 
ess, A  massive  pair  of  clamps  is  used  to  hold  the  blocks  against 
the  rails,  and  to  conduct  the  current  to  and  from  the  joint  while 
it  is  being  wekled.  These  clamps  are  water-cooled  by  having  water 
circulated  through  them  so  that  they  will  not  become  overheated 
at  the  point  of  contact  with  the  steel  blocks. 

Thermit  Welding.  A  process  of  welding  rail  joints  which 
was  developed  after  the  cast-welding  and  electric-welding  processes, 
is  known  as  the  Goldschmidt  process,  which  makes  use  of  a  material 
called  "thermit"  for  supplying  heat  to  make  the  weld.  A  mould 
is  placed  around  the  joint  and  the  thermit  is  put  in  this  mould  and 
ignited.  The  heat  produced  by  the  thermit  is  so  intense  as  to  reduce 
the  iron  in  the  thermit  mixture  and  make  a  welded  joint.  The 
thermit  consists  of  a  mixture  of  finely  powderecl  aluminum  and  iron 
oxide.  When  this  is  ignited,  the  aluminum  oxidizes,  that  is,  absorbs 
oxygen  so  rapidly  that  an  intense  heat  is  the  result.  In  the  process 
of  oxidation,  the  aluminum  takes  the  oxygen  from  the  oxide  of  iron, 
leaving  molten  metallic  iron,  which  metallic  iron  makes  the  weld 
by  union  with  the  molten  rail  ends.  This  process  has  the  advantage 
over  other  welding  processes,  of  not  requiring  an  elaborate  apparatus 
and  a  large  crew  of  men  to  operate  it;  and  consequently  it  can  be 
used  where  but  a  few  joints  are  to  be  welded. 

Bonding  and  Return  Circuits.  When  the  track  rails  are 
used  as  the  conductors,  as  is  usually  the  case,  it  is  necessary  to  see 
that  the  electrical  conductivity  of  the  rail  joints  does  not  offer  tf)o 
high  a  resistance  to  the  passage  of  the  current.  For  this  reason, 
when  bolted  or  angle-bar  joints  are  used,  the  rails  are  bonded  together 
l)y  means  of  copper  bonds.  It  was  soon  found  after  electric  roails 
were  in  use  a  short  time,  that  unless  the  rail  ends  were  so  bonded, 
the  resistance  of  the  joints  was  so  great  as  to  cause  great  loss  of  power 
in  the  track.     First,  small  iron  bonds  were  used;  but  these  bonds 
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were  so  insufficient  that  large  copjier-wire  bonds  s4M)n  Ix^aii  to  be 
used ;  and  at  the  present  time,  on  hirge  hmuIs,  bonds  of  lietivy  copper 
cable  are  connnon.  The  resistance  of  a  steel  rail,  such  as  used  in 
city  streets,  is  about  eleven  times  that  of  copper.  In  order  to  secure 
as  great  carrj-ing  capacity  at  the  rail  joint  as  is  affonled  l)y  the  un- 
broken rail,  it  is  therefore  necessary'  to  install  bonds  having  a  total 

cross-section  j\  that  of  the  rail. 
Where  welded  joints  are  u.se<l,  bond- 
ing is  unnecessary,  except  at  crossings 
and  switches  where  lM)lted  joints  are 
employe<l.  Where  track  is  welded, 
however,  cross  bonds  should  be  put  in 
at  fre<|uent  intervals  from  one  rail  to 
another,  and,  if  the  track  is  double, 
from  one  track  to  the  other,  so  that  if  one  of  the  track  rails  breaks  at 
a  joint  there  will  be  a  patli  around  the  break  for  the  current. 


Copper  \Nirm 


Channel  Ptn 
Cbaanel  Pin  Bond. 


E3= 


LnJ 


a 


Fig.  81.    Chicago  Rail  Bond. 


A  great  many  schemes  have  been  deviseti  to  insure  good  con- 
tact between  the  copj)er  bond  and  the  rail,  as  the  tenninal  is  the 
weak  |)oint  in  any  Iwjud.  Ont  of  the  earliest  and  most  efficient  of 
small  bon<ls  wji^  iiuido  by  the  use  <>f  channel  pins.  Fig.  S().     This 

lK)nd  consi.sted  of  a  piece  of 

copper  wire    having  its  ends 

placed  in  the  holes  in  tlie  rail 

ends.     Alongside  this  v^'i^e,  a 

channel  pin  was  driven  in. 

The  objection  to  the  channel 

pin  was  the  small  area  of  contact  between  the  cop|>er  Iwnd  and  rail. 

Next  after  the  channel  pin  came  the  Chicago  type  of  bond, 

Fig.  Kl.  which  is  a  pie<-e  of  heavy  copper  wire  with  thimbles  forged 

on  the  ends.     These  thimbles  were  place<l  in  accurately  fitted  holes 


Fig.  83.    Rail  Bond. 
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in  the  rail  ends,  and  a  wedge-shaped  steel  pin  was  driven  into  the 
tliiinbles  to  expand  them  tightly  into  the  hole  in  the  rail.  Several 
other  bonds  using  mo<lifications  of  this  principle  are  in  use. 

A  tvpe  of  bond  in  very  common  use  consists  of  solid  copper 
rivet-shaped  terminals,  Fig.  82.  Between  these  terminals  is  a  piece 
of  flexible  stranded  copper  cable,  made  flat  to  go  under  the  angle  bars. 
In  one  ty|)e  the  terminal  lugs  are  cast  around  the  ends  of  the  cables, 
and  in  another  type  the  cables  are  forged  at  their  ends  into  solid 
rivet-like  terminals.  These  terminal  rivets  were  first  applied  as 
any  other  rivets,  with  the  use  of  a  riveting  hammer.  Because  of  the 
difficulty  of  thoroughly  expanding  such  large  rivets  into  the  holes 
matle  for  them  in  the  rails,  it  has  become  customary  to  compress 
these  rivets  either  with  a  screw  press  or  a  portable  hydraulic  press, 
which  brings  such  great  pressure  to  bear  on  the  opposite  ends  of  the 
rivet  that  it  is  forced  to  expand  itself  so  as  to  fill  the  hole  in  the  rail 
completely.  This  expansion  is  made  possible  by  the  ductile  char- 
acter of  the  copper.  This  great  ductility  characteristic  of  copper, 
however,  has  been  the  source  of  one  of  the  difficulties  in  connection 
with  rail  bonding,  because  the  soft  copper  terminal  has  a  tendency 
to  work  loose  in  the  hole  made  for  it  in  the  rail.  It  is  practically 
impossible  to  maintain  good  bonding  where  the  rail  joints  are  so 
loose  as  to  allow  considerable  motion  between  the  rail  ends. 

Several  types  of  bonds  have  been  introduced,  in  which  the 
contact  between  the  rail  and  l)on(l  is  made  by  an  extra  piece  or 
thimble. 

Another  method  of  expanding  bond  terminals  into  the  holes 
made  to  receive  them,  is  that  employed  in  the  General  Electric 
Company's  bond.  In  it  a  soft  pin  in  the  center  of  the  terminal 
is  expanded  by  compression  of  the  tenuinal  so  that  it  forces  the 
copper  surrounding  it  outward.  The  copper  tenninal,  in  expanding 
to  fill  the  hole,  is  therefore  backed  by  the  steel  center  pin. 

All  types  of  bonds  must  l)e  installed  with  great  care  if  they 
are  to  he  efficient.  Unless  the  bond  terminal  thoroughly  fills  the 
hole  and  is  tightly  exj)anded  into  it,  moisture  will  creep  into  the 
.space  Ix'tween  the  copper  and  the  iron,  and  the  copper  will  become 
coated  with  a  non-conducting  scale  which  destroys  the  conductivitv 
of  the  contact. 
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The  plastic  rail  homl,  so  called  because  it  (lepemis  for  the  contact 
l)ctween  the  rail  and  the  lx)iul  upon  a  pla.stic,  putty-Hke  alloy  of 
nicrcun'  and  some  other  metal,  is  applied  in  a  numlier  of  different 
ways.  One  form  consists  of  a  strip  of  cop|)er  held  by  a  spring  tigainst 
the  rail  ends  under  the  fish-plate.  The  rail  ends  at  the  point  of  con- 
tact with  this  strip  of  copper  are  amalgamate<l  and  matle  bright  by 
the  use  of  a  mercury  com|)ound  similar  to  the  plastic  alloy.  'ITiese 
|M>ints  of  contact  are  tlien  daul)ed  with  plastic  alloy,  and  the  copj>er 
IhmmI  plate  applied.  It  is  not  ne<-es.sarA',  with  any  form  of  pla.stic 
ImuuI,  that  the  mechanical  c*ontact  be  unyielding,  as  the  amalgamated 
surfaces  with  the  aid  of  the  pla.stic  alloy  between  them,  maintain  a 
g«Mxl  conductivity  in  spite  of  any  slight  motion.  The  pla.stic  alloy 
can  l>e  applietl  in  a  number  of  other  ways,  one  of  which  is  to  drill  a 
hole  forming  a  small  cup  in  the  rail  base  in  adjacent  rail  ends,  fill 
these  cups  with  plastic  alloy,  and  bridge  the  space  between  them 
with  a  short  copper  bond  having  its  ends  projecting  down  into  the 
cups. 

Resistance  of  the  Track.  The  resistance  of  the  return 
circuit  is  usually  much  higher  than  it  shouUl  l)e  owing  to  the  bad 
contact  of  the  lx)nds.  The  resistance  of  rails  varies  greatly  with  the 
proportions  of  carbon,  manganese  and  pluxsphorus.  The  following, 
figures,  however,  may  be  regardeti  as  the  average. 

Weight  |)er  Yard.  Resistance  Single  Rail  per  Mile. 

50  .  02.>i  ohms 

60  .0211      " 

70  .OlSO     " 

80  .0159     " 

90  .014       " 

A  track  laid  with  c*ontinuous  rails  as  in  the  case  of  wel<led  joints, 
would  have  one-half  the  resi.stance  given  since  there  are  two  raib 
to  l>e  con.sidertHl. 

Tests  of  new  unlM>nded  track  constructed  witli  rails  00  feet 
long  .show  that  the  joints  cau.se  an  increa.se  of  .25  ohms  or  more  per 
mile. 

Sevend  roa«ls  in  testing  Ininds  consiiler  a  Ijond  gixnl  when  the 
Imnil  and  one  foot  of  the  rail  over  it  have  a  resi.stance  etjnal  to  five 
feet  of  tlie  solid  rail. 
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Supplementary  Return  Feeders.  On  some  large  roads  it  is 
necessary  to  run  atlditional  return  feeders  from  the  power  house  to 
various  |)oiiits  on  the  system,  to  supplement  the  conductivity  of 
the  rails.  Otherwise  the  track  rails  near  the  power  house  would 
have  to  carry  all  the  current,  and  in  some  ca^es  there  are  not  enough 
such  lines  of  track  passing  the  jx)wer  house  to  do  this  properly. 
Sometimes  these  feeders  are  laid  underground  in  troughs;  sometimes 
they  are  laid  bare  in  the  ground,  and  sometimes  on  overhead  pole 
lines.  When  laid  in  the  ground,  frequently  old  rails  are  used  instea<l 
of  cop|)er  or  aluminum  cables.  "^I'he  old  rails  are,  of  course,  thor- 
oughly bonded  togethei  with  bonds  giving  a  conductivity  nearly 
e(jual  to  that  of  the  unbroken  rail. 

FEEDER  SYSTEMS. 

There  are  two  general  schemes  of  direct  current  feeding  in  com- 
mon use.  One  of  these  is  shown  in  Fig.  83.  Here  the  trolley  wire 
is  continuous  and  is  fed  into  at  different  points.     The  long  feeders 


■Trolley 


Fig.  88. 

supplying  the  more  distant  }M>rtion  of  the  roatl  are  larger  than  those 
supplying  the  trolley  near  by,  so  as  to  maintain  as  nearly  as  is  feasible 
the  same  potential  the  entire  length  of  the  line.  With  such  a  systeu) 
of  feeding,  in  order  to  maintain  absolutely  the  same  voltage  at  all 
points,  it  would  be  necessary  to  have  just  one  trolley  feeder  and  that 
feeding  into  the  extreme  end  of  the  line  farthest  from  the  power 
station  and  further  to  make  the  resistance  per  1,000  ft.  of  trolley 
and  feeder  the  same  as  the  resistance  per  1,000  ft.  of  the  track  return 
circuit.  .The  plan  shown  in  Fig.  83  evidently  does  not  fully  carry 
out  these  rather  impracticable  requirements  but  is  in  the  nature 
of  a  compn)mise,  giving  a  higher  |x)tential  near  the  power  station 
than  at  «Hstant  |)oints  but  )ieverthele.ss  nuich  mor«  even   |M)tential 
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than  if  the  heaxiest  feelers  were  fewHiijf  iiitti  tlie  tmlley  near  the 
|M)wer  hoiiM'. 

'I'lif  other  plan,  shown  in  V'n^.  S4,  tlivicles  the  tn>Iley  vfire  into 
sec'tions  and  feeds  eaeh  seetion  through  a  separate  fee<ler  which  is 
calculated  of  such  si/e  as  to  maintain  the  same  volta^  on  ail  the 
sections  with  the  onhiuirv  load. 

In  calculating  a  feeder  system  a  certain  probaWIe  load  is  assumed 
at  certain  |M)ints  along  the  line,  'i'his  lowl  will  numifestly  de|)entl 
on  the  si/c  and  uumiIkt  of  cars  in  (jjH'ration,  grades  and  many  local 
conditions. 


0      ^m        ^m       ^m 


Orop  la  rail 
sfi'ilon 

T<»lal  drop  In 
rail 

Drop  in  irol- 
!*•>• 

Drop  In  feed- 


—  eMUta 

3.1  Volts 
3.1     •• 
20.5    •• 

aj.«  •• 


Keaistauce 

feeder .T*  Ohms 

Feet  per  ohm    72M 
Size  of  wire..  No.  1 


■g  MUea- 


Pig.  84. 

2.1  VolU 

1.06    Volts 

hi     " 

«.»     " 

30..^     •• 

ao.ii 

:t4.3    •• 

38.25      •• 

.086  OhmH 
39000 
SS0.000  C.  M. 

.065    Ohnu 
3UT00 
490.000  C.  M. 

The  following  example  will  show  the  method  pursuetl.  The 
figures  resulting  from  the  calculations  are  placed  immediately  l>eIow 
the  .sections  to  which  they  refer  in  Fig.  84.  The  rails  are  assumed 
to  l)e  70  }K)und  to  the  yard.  These  have  a  resi.stance  of  alHiut  .OIK 
ohms  jMT  mile.  .Vdding  one-sixth  for  additional  resi.stan<-e  of  ImmuIs 
gives  .021  and  since  the  track  is  comp«.se«l  of  two  rails  the  resistance 
»)f  the  track  will  be  one  half  of  this  or  .0105  ohms  per  mile. 

llie  ma.\imum  drop  in  any  section  occurs  when  the  car  is  farthest 
from  the  power  house.  Each  car  is  assumed  to  take  50  amperes 
and  the  feeders  are  to  be  so  designed  as  to  allow  a  10  per  cent  or 
60  volts  drop. 

The  current  in  the  two  miles  of  track  nearest  the  power  house 
is  150  amperes,  in  the  next  section  100  amperes,  and  in  the  last  section 
50  am p**re8.  Tlie'drop  in  each  section  is  as  shown.  The  drop  in  the 
trolley  which  is  00  wiro  is,  in  each  section,  20.5  volts.     Subtracting 
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from  (M)  volts  the  ilrop  in  the  return  circuit  and  trolley,  gives  the 
allowable  drop  in  the  feeder. 

'J'he  resistance  of  each  feeder  can  be  calculated,  since  the  current 
ill  each  one  is  50  amperes.  The  first  feeder  is  one  mile  long,  the 
second  .'^  miles  and  the  third  5  miles,  and  with  these  figures  the  feet 
per  ohm  can  be  computed.  The  size  of  wire  may  be  obtained  by 
reference  to  a  table  of  copper  wire  resistances. 

BLOCK  SIGNALS  FOR  ELECTRIC  RAILWAYS. 

The  simplest  block  signal  used  by  electric  roads  is  a  hand- 
operated  one  constructed  on  the  principle  shown  in  the  diagram  Fig. 
85.  A  double  throw  switch  is  placed  at  each  terminal  of  the  section 
of  track  that  is  to  be  protected. 

Tro/fey       


Lamps 


Lajn/)s 


T  Ground 


Fitf.  85. 


C round  ?■ 


The  switches  have  no  central  position,  tlie  knife  blade  always 
making  contact  with  one  or  the  other  of  the  terminals  shown.  If 
the  lamps  are  lighted,  throwing  either  one  of  the  switches  will  put 
them  out.  If  they  are  not  burning,  they  will  be  lighted  by  throwing 
either  one  of  the  switches. 

A  motorman  on  reaching  a  section  of  track  finding  the  lamps 
not  burning  throws  the  switch.  Lamps  now  burn  in  each  switch 
V)ox  and  show  that  the  section  is  in  use.  On  arriving  at  the  other- 
terminal  of  the  block  the  switch  is  thrown,  extinguishing  the  lights 
and  showing  that  the  block  is  clear. 

Automatic  signal  systems  have  been  devised  on  the  same  prin- 
ciple, in  which  magnets,  operated  by  contacts  made  by  tlie  passage 
of  the  trolley  wheel,  cause  the  lamps  to  be  lighted  and  extinguished 
automaticallv. 
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ELECTROLYSIS. 

Much  lia.s  Ihhmi  .sai<l  alnnit  the  jx^ssihihtics  of  (•ltx'tn>ly.si.s  of 
uiiderj^rouiul  metal  l)y  the  uctiuu  of  the  return  current  of  eleetrie 
railways,  when  such  railways  are  operate<l  with  gnnuHletl  circuits, 
as  they  usually  are.  If  electric  current  is  passed  through  a  li(|ui<l 
fnHu  one  metal  eUntnxle  to  another,  electrolysis  will  take  place; 
that  is,  metal  will  he  «lejM)site«l  on  the  negative  |>ole,  and  the  jKxsi- 
tive  |X)le  or  electnxle  will  lie  <lissolved  by  l>e<'oming  oxidized  from 
the  action  of  the  oxygen  collecting  at  that  jM)le. 

In  an  electric-railway  return  circuit,  there  is  neces.sarily  a  dif- 
ference of  jK>tential  between  the  rails  at  outlying  parts  of  the  system 
an<l  the  rails  and  other  burie<l  pieces  of  metal  Icx'atetl  near  the  power 

.. ..         Tro//ey   //n» 


nnnnn 


"u     u 


Track 


=11 0 zit±==JI:^=r";7fr  ^   T-^=J D — 

Wafer  p/pe 
rtg.  86.    Sho\viug  Electrolytic  Action.    . 

house.  Just  what  this  total  tlifference  of  potential  is,  depends  on 
the  loss  of  voltiige  in  the  return  circuit.  Thus,  supjH).se  there  is  25 
volts  drop  in  the  return  circuit  between  a  certain  j>oint  on  the  system 
and  the  pjwer  station.  There  is,  thereft)re,  a  pressure  of  25  volts 
tending  to  force  the  current  through  the  moist  earth  from  the  rails 
at  distant  |K)rtions  of  the  line,  to  the  rails,  water  pi|>es,  and  other 
connectetl  metallic  stmctures  locatetl  in  the  earth  near  the  |K>wer 
.station.  The  amount  of  current  that  will  thus  flow  to  earth  in  pref- 
erence to  remaining  in  the  rails,  de|K'nds  on  the  relative  resi.stance 
of  the  rails,  the  earth,  and  the  other  paths  (jfTtTtNl  to  the  current  to 
return  to  the  jK)wer  hou.se. 

To  take  a  very  simple  case,  let  us  suppose  a  single-track  n)atl. 
Fig.  .S<i,  with  a  |>ower  house  at  one  end,  ami  a  parallel  line  of  water 
pi|H'  on  the  same  street  |>a.s.sing  the  jKiwer  hou.se.  If  the  jni.sitive 
terminals  of  the  generators  are  c<»nnected  to  the  trolley  wire,  the 
current  jnusses,  as  indicated  by  the  arrow.s,  out  over  the  trolley  wire 
through  the  cars  and  to  the  rails.     When  it  has  reache<l  the  rails 
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it  has  the  choice  of  two  paths  back  to  the  jx)wer  house.  One  is 
through  the  mils  and  bonding;  the  other  is  througli  the  moist  eartii 
to  the  line  of  water  pipe  and  back  to  the  power  house,  leaving  the 
pij)e  for  the  rails,  at  the  power  house.  Should  the  bonding  of  the 
rails  be  very  defective,  considerable  current  might  pass  through  the 
earth  to  the  water  pipe. 

Remembering  now  the  principles  of  electrolysis,  we  see  that 
the  oxidizing  action  of  this  flow  of  current  from  the  rails  to  the  water 
pipes  at  the  distant  portion  of  the  roatl  will  tend  to  destroy  the  rails, 
but  will  not  harm  the  water  pipe  at  that  point,  as  it  will  tend  to 
dejjosit  metal  upon  it.  When,  however,  the  current  arrives  at  the 
power  house,  it  nmst  in  some  way  leave  this  water  pipe  to  get  back 
to  the  rails,  and  so  to  the  negative  terminals  of  the  generators. 

Here  we  see  that  there  is  a  chance  for  electrolysis  of  the  water 
pipe,  because  at  this  point  the  water  pipe  forms  the  positive  elec- 
tnxle,  which  is  the  one  likely  to  be  oxidized  and  destroyed.  This 
very  simple  case  is  taken  merely  for  illustration.  In  actual  prac- 
tice the  conditions  are  never  so  simple  as  this,  for  there  are  various 
pipes  located  in  the  ground  running  in  various  directions,  which 
complicate  the  case  very  much;  but  we  can  see  from  this  simple 
example  that  the  principal  place  electrolysis  of  water  pipe  is  to  be 
feared  is  at  points  where  a  large  volume  of  current  is  leaving  the 
water  pipe  to  take  to  some  other  conductor. 

As  an  indication  of  how  much  current  is  likely  to  be  leaving 
the  water  pipes  at  various  points,  it  is  customary  to  measure  the 
voltage  between  the  water  pipes  and  the  electric  railway  track  and 
rails.  When  this  voltage  is  high,  it  does  not  necessarily  mean  that 
a  large  volume  of  current  is  leaving  the  water  pipes  at  the  point 
where  these  pipes  are  several  volts  positive  with  reference  to  the 
rails;  but  such  voltage  readings  indicate  that,  if  there  is  a  path  of 
sufficiently  low  resistance  through  the  earth,  and  if  the  moisture  in 
the  earth  is  sufficiently  impregnated  A^ith  salts  or  acids,  there  will 
be  trouble  from  an  electrolytic  action  due  to  a  large  flow  of  current. 
There  is  obviously  no  method  of  measuring  exactly  the  amount  of 
current  leaving  a  water  pipe  at  any  given  point,  since  the  pipe  is 
btmed  in  the  earth.  Voltmeter  readings  between  pipes  and  rails 
simply  serve  to  give  an  indication  as  to  where  there  is  likely  to  be 
trouble  from   electmlysis.     The  <langer  to  undergroimd   pipes  and 
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other  metallic  structures  from  electrolysis  has  l)een  much  over- 
estimated by  some  people,  as  the  trouble  can  l>e  overcome  by  pro|)er 
care  ami  attention  to  the  return  circuit.  Trouble  from  electrr)lvsls, 
however,  is  sure  to  occur  unless  such  care  is  given. 

Prevention  of  Electrolysis.  Remedies  for  electrolysis  may 
l)e  <'lassifie<l  under  two  heads — general  and  specific.  The  general 
reine<ly  is  obviously  to  make  the  resistance  of  the  circuit  through 
the  mils  and  supplementary  retuni  fee<Iers  so  low  that  there  will 
l)e  but  little  temlency  for  the  current  to  .seek  other  conductf)rs,  such 
as  water  and  gas  pipes  an<l  the  lead  covering  of  tmdergroimd  cables. 
This  remedy  con.si.sts  in  heavy  lK)nding,  in  ample  connections,  around 
switches  and  .special  work  where  the  l)onding  is  e.specially  liable  to 
injury,  and  in  additional  retuni  conductors  at  points  near  the  power 
hou.se  to  .supplement  the  conducti\-ity  of  the  rails. 

It  is  imjx)rtant  that  all  rail  bonds  l»e  tested  at  intervals  of  .six 
month.s  to  one  year  in  order  that  defective  bonds  may  he  located 
and  renewetl,  as  a  few  defective  lK)nds  can  greatly  lower  the  efficiency 
of  an  otherwi.se  low-resi.stance  circuit. 

The  .specific  remedy  for  electrolysis  which  may  he  applieil  to 
reduce  electrolytic  action  at  certain  .specific  points,  con.sists  in  con- 
necting the  water  pi|>e  at  the  |H)int  where  electrolysis  is  taking  place, 
with  the  rail  or  other  c"onductor  to  which  the  current  is  flowing. 
Thus,  for  example,  if  it  is  found  that  a  large  amount  of  current  is 
leaving  a  water  pipe  and  flowing  to  the  rails  or  to  the  negative  retuni 
fee<lers  at  the  power  hou.se,  the  electrohiic  action  at  this  point  can 
obviou.sly  l>e  .stopped  by  connecting  the  water  \npe  with  the  rails 
by  means  of  a  low-resistance  copper  wire  or  cable,  thereby  short- 
circuiting  the  points  l)etween  which  electrohiic  action  is  taking 
j)lace.  There  are  certain  cases  in  which  it  is  athi-sable  to  adopt 
.such  a  .specific  remedy.  It  .should  l)e  rememl)ere<l,  however,  that  a 
low-resistance  connection  of  this  kind,  while  it  reduces  electrolysi.s 
at  points  near  the  |K)wer  house,  is  an  adde<l  inducement  to  the  current 
to  take  to  the  water  pijKvs  at  ()oints  <listant  from  the  |)ower  hou.se, 
l>ecause  of  the  decrease  in  re.si.stance  of  the  water-pipe  path  to  the 
power  hou.se  resulting  from  tlu*  intnxluction  of  the  connection  between 
the  water  pi|>e  an<l  the  negative  return  feeder  at  the  power  hou.se. 
With  the  water  pipes  connected  to  the  return  feeders  in  the  vicinity 
of  the  power  hou.se.  the  current  which  flows  from  the  rails  to  the  water 
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pipes  at  points  distant  from  the  power  house  will  obviously  cause 
electrolysis  of  the  rails  hut  not  of  the  water  pipes,  since  the  current 
is  passing  from  the  earth  to  the  pipe,  and  the  pipe  is  negative  to  the 
earth.  In  this  case  tl:e  principal  danger  is  that  the  high  resistance 
of  the  joints  between  the  lengths  of  water  pipe  will  cause  current  to 
flow  through  the  earth  around  each  joint,  as  indicated  on  some  of  the 
joints,  Fig,  86,  and  will  cause  electrolytic  action  at  each  joint.  It 
is  evident,  however,  that  the  conditions  of  the  track  circuit  and 
bonding  must  be  very  bad  if  current  would  flow  over  a  line  of  water 
pipe,  with  its  high-resistance  joints,  in  sufficient  volume  to  cause 
electrolysis,  in  preference  to  the  rail-return  circuit,  especially  since 
ordinarily  the  resistance  offered  to  the  flow  of  current  over  the  water 
pipes  back  to  the  power  house  must  include  the  resistance  of  the 
earth  between  the  tracks  and  water  pipes. 

It  is  usually  considered  inadvisable  to  connect  tracks  and  water 
pipes  at  points  distant  from  the  power  house,  because  of  the  danger 
of  electrolysis  at  water-pipe  joints,  as  just  explained. 

Methods  of  testing  rail  bonds  in  the  track  will  be  explained 
under  the  head  of  "Tests." 

POWER  SUPPLY  AND  DISTRIBUTION. 

Direct=Current  Feeding.  As  already  explained,  the  majority 
of  electric  railways  are  operated  en  a  500-volt  constant-potential 
direct-current  system  with  a  ground  return.  A  constant  potential 
of  4.50  to  5.50  volts  is  maintained  between  the  trolley  wire  and  track. 
Where  the  trolley  wire  is  not  sufficient,  additional  feeders  are  run 
from  the  power  house  and  connected  to  the  trolley  wire,  the  number 
of  feeders  depending  on  the  distance  from  the  power  house  and  tl:e 
traffic. 

Booster  Feeding.  Boosters  are  sometimes  used  on  long 
feeder  lines  where  there  is  a  heavy  load  only  a  small  portion  of  the 
time.  These  boosters  are  direct-current  dynamos  that  are  con- 
nected in  series  with  the  feeder  upon  which  the  voltage  is  to  be 
raised  above  the  regular  power-house  voltage.  The  booster  may 
l>e  driven  either  by  a  small  steam  engine  or  by  an  electric  motor. 
The  simplest  form  of  booster  is  a  series-wound  dynamo.  A  booster 
annature  must,  of  course,  be  of  sufficient  current  capacity  to  pass 
all  the  current  that  will  be  required  on  its  feeder.     The  voltage 
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yieltleti  by  this  dviianiu,  plus  the  |>owcr-.station  voltage,  Is  the  voltage 
of  the  l)oo.ste<l  feeder  as  it  leaves  tlie  jMiwer  hou.se.  SupjKxsing  that 
ji  series-wound  booster  will  pve  \'2'i  volts  at  fidl  load;  it  is  obvious 
that  l)eing  series-wound  it  will  j^ive  no  voltage  at  no  load.  The 
voltage  will  increase  approximately  as  the  load  on  the  feeder  increases; 
and  since  the  drop  in  voltage  on  the  fee<ler  for  which  the  Ixwster  is 
to  compensate  also  varies  with  the  load,  the  action  of  the  lMX)ster  is 
simply  to  add  sufficient  voltage  to  its  fee<ler  at  any  instant  to  com- 
pensate for  the  line  loss  upon  that  feeder  and  to  maintain  approxi- 
nately  constant  jM>tential  at  the  far  end  of  the  fee<ler.  Boosters 
raising  the  power-station  voltage  of  a  fee<ler  more  than  250  vo'ts 
alK)ve  the  normal  power-station  voltage,  are  not  common,  though 
cases  are  on  reconl  where  a  feeder  has  l^een  lKX)ste<l  as  high  as  l.KX) 
volts  above  the  power-station  voltage.  Since  all  the  power  use<l 
in  driving  a  b(X)ster  is  wasted  in  line  loss,  this  metluNl  of  feetling  is 
not  economical;  but  where  used  only  a  few  days  out  of  the  year  it  is 
sometimes  to  l)e  preferred  to  a  heavy  investment  in  feeders.  ITie 
investment  in  feeders  might  involve  more  interest  charges  than  the 
cost  of  |x>wer  wasted  in  l)ooster  feeding  would  amount  to. 

Alternating-Current  Transmission.  High-tension  alternat- 
ing-current transmission  to  substations,  with  <lirect-curreiit  dis- 
tribution from  substations,  is  extensively  use<l  on  long  interurban 
roads,  and  on  large  city  street-railway  systems  where  power  is  to 
be  di.stributed  over  a  wide  area.  In  such  cases  the  power  house  Is 
Wjuipped  with  alternating-current  dynamos  supplying  high-tension 
three-phase  alternating  current  to  high-tensicm  transmission  lines 
or  feeders.  These  high-tension  feeders  are  taken  to  substations 
IfK'atejl  at  various  |K)ints  cm  the  road,  where  the  voltage  is  rc<luce<l 
by  step-ilo;*!!  transformers;  an<l  these  tmnsformers  supply  current 
to  operate  rotary  converters,  which  convert  from  alteniating  to 
direct  current  for  use  on  the  tn)lley. 

Tlie  ailvantage  of  this  system  of  high-tension  distribution  is 
that,  owing  to  the  high  transmission  voltage,  there  is  but  a  small 
loss  in  the  high-tension  lines,  which  lines  can  l)e  made  very  small, 
ami  will  thus  involve  but  little  copper  investment.  'Hie  substations 
can  l)e  locate<l  at  frecpient  interNals,  so  that  the  distance  the  .jOO-volt 
direct-current  must  Ik*  con<lucte<l  to  supply  the  cars  is  not  great. 
Current  from  one  p)v.-er  house  can  thus  Ije  distributejl  over  a  very 
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large  system  in  cases  where,  if  the  500-volt  direct-current  system 
of  distribution  were  used,  the  cost  of  feeders  for  distril>uting  such  a 
low-vohage  current  would  ])e  prohibitive.  Were  the  alternating-cur- 
rent high-tension  scheme  of  distribution  not  used,  it  would  be  neces- 
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sarj'  to  have  a  number  of  small  power  houses  at  various  points  on 
the  system  insteati  of  one  large  power  house.  The  cost  of  operation 
of  several  small  power  plants  per  kilowatt  output,  is  likely  to  be 
much  greater  than  that  of  one  large  power  plant.  The  first  cost 
of  the  alternating-current  distributing  system,  including  power  house 
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and  substations,  is  likely  to  l)e  considerably  higher  than  would  lie 
the  cost  of  a  numlier  of  small  power  liouses;  but  in  cases  where  alter- 
nating-<-urrent  distribution  has  l)een  installed,  it  has  been  figure<l 
that  the  cost  of  operation  of  the  central  power  house  with  alternating- 
current  distribution  would  l)e  sufficiently  low  as  coniparetl  with 
several  small  ones  to  pay  more  than  the  interest  on  this  extra  invest- 
ment. 

A  System  of  Distribution  for  an  Interurban  Railway. 
The  typical  features  of  a  high  tension  system  of  distributitjii  for  an 
extensive  interurban  railway  system  are  sho^-n  in  Fig.  S7,  which 
represents  the  electrical  transmission  and  distribution  system  of  the 
Indiana  Union  '^Fraction  Company.  The  central  power  station  at 
An<lerson  fee<ls  into  thirteen  n)tary  converter  substations  from  7 
to  65  miles  distant  from  the  power  house.  The  substations  east  of 
Indiana{M>Iis  are  fetl  at  10,00()  volts  and  are  placeil  al>out  11  miles 
apart.  The  substations  due  north  of  Indiana)M)iis  are  locatetl  at 
intervals  of  alx)ut  17  miles  and  are  fetl  at  30,000  volts. 

The  power  station  at  Anderson  has  a  total  capacity  of  5,000  K.  W. 
The  substations  van.'  in  capacity  from  250  to  1,500  K.  W. 

Efficiency  of  Transmission  Systems.  The  average  efficiencj' 
of  a  high  tension  transmission  system  for  a  certain  intenirban 
electric  railway  system  are  given  below.  Current  was  generated  at 
380  volts,  'Hie  step-up  transformers  raised  it  to  a  |H)tential  of  lfi,()(X) 
volts  at  which  pressure  it  was  transmitte<l  to  eight  substations  at 
distances  from  10  to  40  miles  from  the  power  station.  It  was  then 
stcj)j)e<l  down  to  380  volts  and  convertetl  to  direct  current  by  a  rotary- 
ctinverter.  The  tests  extended  over  a  j^eriod  of  three  days.  The 
efficiency  of  the  step-up  transformers  was  95  per  cent;  of  tlie  high 
tension  line  92.9  jier  cent;  of  the  stejwlown  transformers  95  |)er  cent; 
and  of  the  rotarv*  converters  88  per  cent;  giving  a  total  efficiency  of 
the  transmission  system  of  73.5  |)er  cent. 

Power.  House  Location.  A  power  house  is  usually  located 
where  coal  and  water  supply  can  l>e  cheaply  obtaine<l.  For  this 
reason  it  is  placed  either  on  some  line  of  niilroad  or  where  coal  can 
be  taken  to  it  over  the  electric  railway. 

As  it  is  always  desirable  to  operate  the  engines  in  conneetion 
with  condensers,  on  account  of  the  siiving  in  fuel,  which  is  appmx- 
imately  20  per  cent  with  condensers,  power  stations  are  located, 
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when  possible,  near  rivers  and  ponds  from  which  a  large  supply  of 
cold  water  for  condensation  of  exhaust  steam  can  be  obtained. 
Where  no  such  natural  water  supply  is  available,  it  has  ])ecorae 
customary  to  provide  means  for  artificially  cooling  a  sufficiently 
large  supply  of  water  for  condensation.  One  method  is  to  erect  a 
number  of  towers,  so  constructed  that  the  water  when  pumped  to 
the  top  will  fall. through  a  structure  that  breaks  the  water  up  into 
fine  spray  as  it  falls,  thus  allowing  it  to  cool  by  evaporation  so  that 
it  can  be  used  again  for  the  condensers  when  it  arrives  at  the  bottom 
of  the  tower.  Where  more  room  is  available,  ponds  are  sometimes 
excavated  near  the  power  house,  and  the  water  is  made  to  flow  back 
and  forth  through  a  series  of  troughs  located  above  the  pond,  and 
it  is  thus  cooled. 

Where  a  power  station  is  of  the  direct-current  type,  operating 
at  500  to  600  volts,  it  is  desirable  to  have  it  as  near  the  center  of 
electrical  distribution  as  possible,  in  order  to  keep  down  the  amount 
of  investment  in  the  feed  wire;  but  it  is  more  important  to  have 
it  located  near  a  cheap  coal  and  water  supply  than  exactly  at  the 
center  of  distribution. 

It  is  also  desirable  to  have  the  station  located  where  there  is 
room  for  coal  storage,  on  account  of  the  chances  for  interruption 
of  the  coal  supply  by  strikes,  railroad  blockades,  and  other  causes 
beyond  the  company's  control.  The  continuity  of  the  coal  supply 
is  also  another  argument  against  placing  the  station  where  depend- 
ence must  be  placed  upon  wagons  or  inadequate  railroad  facilities. 

Coal  handling,  after  the  coal  has  reached  the  station,  is  done 
by  hand  in  the  smaller  power  stations;  but  in  larger  power  stations 
it  has  come  to  be  the  general  practice  to  do  as  much  of  the  handling 
as  possible  by  means  of  automatic  coal  conveyors.  The  most  elab- 
orate power  stations  have  means  for  dumping  coal  from  cars  into 
hoppers,  from  which  it  is  conveyed  by  an  endless  chain  provided 
with  buckets,  called  a  coal  conveyor,  to  storage  bins.  Coal  conveyors 
also  take  the  coal  from  the  storage  bins,  and  deposit  it  in  the  hoppers 
of  mechanical  stokers  in  front  of  the  boilers.  Ashes  are  conveyed 
from  under  the  boilers  by  the  same  kind  of  conveyors,  and  are  dumped 
into  hoppers,  whence  they  are  drawn  into  cars  or  wagons  to  be 
hauled  away. 


•16 


fiLfiCTRIC    RAILWAVb  lOd 

The  coal,  having  l)een  deposite<l  in  hoppers  at  the  boiler  front, 
is  automatically  fe»l  into  the  funiaoes  by  automatic  stokers.  One 
type  of  automatic  stoker  in  common  use  is  of  the  chain-grate  or 
link-l)elt  ty|>e,  whicli  is  constnictcti  like  an  endless  sprtK'ket  chain, 
with  links  compose*!  of  heavy  cast-iron  blocks  that  serve  as  grate 
bars.  This  link  l)elt  or  chain  is  kept  in  constant,  slow  motion  by 
a  small  stoker  engine  or  motor  which  operates  all  the  stokers  of  a 
line  of  iKjilers.  The  coal  is  fed  from  the  hopj)er  on  to  the  chain 
grate,  and  the  chain  is  slowly  moved  under  the  Ijoilers.  As  the 
coal  on  that  part  of  the  grate  under  the  lK)ilers  is  on  fire,  the  fresh 
coal  as  it  enters  the  furnaces  is  soon  ignited.  The  grate  is  run  at 
such  a  rate,  and  the  thickness  of  the  coal  is  so  adjusted,  that  the 
coal  is  bumetl  to  an  ash  l)y  the  time  it  has  traveled  to  the  back  of 
the  furnace.  There  the  grate  turns  down  over  a  sprocket  wheel, 
and  the  ashes  are  dumped  into  the  a.sh  pit  as  the  grate  revolves. 

The  boilers  in  most  common  u.se  in  large  American  electrie- 
railway  power  houses  are  of  the  water-tul)e  type,  in  which  water  is 
contained  inside  of  a  bank  of  tuljes,  the  ends  of  these  tul>es  l>eing 
connectetl  to  drums  or  headers.  The  horizontal  retuni-tubular  tj'pe 
of  boiler  is  used  in  many  of  the  smaller  power  stations,  and  verti- 
cal boilers  are  alsj)  in  use. 

Tlie  engines  in  the  larger  and  more  economical  stations  are 
generally  of  the  Corliss  compound-contlensing  tN-pe,  running  at 
speetls  of  from  GO  to  120  revolutions  per  minute,  according  to  the 
size  of  the  unit.  The  smaller  the  unit,  the  higher  the  s|)eetl.  In 
the  smaller  and  older  stations,  simple  Corliss  engines  l>elted  to 
generators  are  frequently  found,  and  high-sj^eed  engines  also  are 
used.  It  is  the  almost  universal  custom  now,  to  place  the  generator 
directly  on  the  engine  shaft,  making  a  direct-connected  unit. 

Steam  turbines,  in  which  the  steam  acts  in  jets  against  the 
blades  of  a  turbine  wheel,  are  l>eginning  to  come  into  use  at  the 
present  time.  These  turbines  rotate  at  ver)'  high  speetl,  the  largest 
and  slowest  sj)eetl-units  running  (UK)  r.p.m.,  and  others  at  higher 
rates.  As  the  output  of  any  generator  varies  directly  according 
to  its  spee<l,  a  ven>'  much  smaller  genemtor  can  Ik?  used  when  couple<l 
to  a  high-s|)ee<l  steam  turbine,  to  obtain  a  given  output,  than  if  tli* 
generator  must  l)e  couple<l  to  a  Corliss  steam  engine  which  re\*olves 
at  very  low  spee<l.    The  economy  of  the  steam  turbine  at  full  load 
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is  about  that  of  a  compound-condensing  Corliss  engine,  but  is  better 
on  light  loads  than  the  engine.  The  turbine  requires  less  building 
space  and  a  much  less  expensive  foundation. 

Railway  generators  or  dynamos  for  direct  current  are  usually 
built  with  compound-wound  fields,  so  that,  as  the  loatl  increases, 
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Fig.  88.    Plan  of  Power  House. 

they  will  automatically  raise  the  voltage  at  their  terminals  to  com- 
pensate for  the  drop  in  the  feeders  and  to  maintain  a  constant  poten- 
tial at  the  cars.  Thus,  if  the  line  loss  on  a  system  is  10  per  cent,  or 
50  volts  at  full  load,  the  generators  will  be  provided  with  shunt  fields 
of  sufficient  strength  to  give  500  volts  at  no  load,  and  with  series 
field  coils  which  will  add  to  the  field  strength  enough  to  give  550 
volts  at  full  load.    The  amount  of  "compounding"— which  is  the 
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term  applied  to  this  method  of  increasing  voltage — may  be  any 
amount  within  reasonable  limits,  llie  pressure  maintained  at 
different  conipanies'  ele<-tric-railway  power  houses  varies,  but  is 
usually  between  o(K)  and  600  volts. 

Alternating-Current  Qenerators.  Alternating-current  gen- 
erators used  for  generating  alternating  current  to  be  distributed  at 
high  tension,  are  generally  constructed  to  give  a  three-phase  cur- 
rent at  2o  cycles  per  seconil.  The  voltage  of  these  alternating- 
current  generators  is  sometimes  the  voltage  at  which  the  power  is 
to  be  transmitted,  if  the  distances  are  not  too  great.  A  number 
of  stations  have  alternating-current  generators  giving  6,600  volts 
at  their  terminals,  which  is  a  voltage  well  adapted  to  high-tension 
distribution  within  the  limits  of  a  large  city.  However,  genera- 
tors giving  11,000  volts  at  their  terminals  are  now  becoming  com- 
mon. For  higher  voltages  than  this,  it  is  considered  necessary  to 
use  step-up  transformers,  in  order  to  raise  the  voltage  to  the  proper 
pressure  for  transmission  over  long  distances.  In  such  cases  there 
is  no  object  in  having  a  high  generator  voltage.  At  such  stations 
tlie  voltage  of  the  generators  adopted  may  l^e  anything  desired, 
and  it  varies  according  to  the  ideas  of  the  constructing  engineer. 
Voltages  of  400,  1,000,  and  2,300  are  among  those  in  most  com- 
mon use. 

Double-Current  Qenerators.  Double-current  generators  are 
sometimes  used,  which  generators  will  give  direct  current  at  a 
commutator  at  one  end  of  the  armature  for  use  on  a  500-volt  direct- 
current  distribution  system  supplying  the  trolley  direct.  The  other 
end  of  the  armature  has  collector  rings  from  which  the  three-phase 
alternating  current  is  obtained,  which  can  be  taken  to  step-up  trans^ 
formers  ami  raised  to  a  sufficient  pressure  for  high-tension  transmis- 
sion to  substations  at  distant  parts  of  the  road.  The  same  generator 
can  therefore  be  used  on  both  the  direct-current  and  the  high-tension 
alternating-current  distribution. 

Qenerai  Plan  of  Power  Stations.  Tlie  general  plan  of  an 
electric-railway  power  station  is  usually  such  that  the  building  can 
be  extended  and  more  boilers,  engines  and  generators  added  without 
di.sturbing  the  symmetrical  design  of  the  station.  Thus,  the  boilers 
and  engines  are  placed  as  in  Fig.  88,  in  parallel  rows,  although  almost 
invariably  in  different  rooms  separated  by  a  fire  wall.     By  adding 
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to  the  row  of  engines  and  to  the  row  of  boilers,  the  station  capacity 
can  \ie  increased.  Other  arrangements  are  sometimes  required  by 
circumstances;  but  this  is  the  most  common  arrangement  and  gives 
the  greatest  capacity  with  the  minimum  amount  of  steam  piping. 
Large  stations  are  sometimes  constructed  with  a  boiler  room  of 
several  floors  and  with  boilers  on  each  floor,  in  order  to  save  ground 
space  and  bring  the  boilers  near  to  the  large  engine  units  so  that  there 
will  not  be  an  excessive  amount  of  steam  piping. 

Switchboards.  Direct-cur- 
rent stations  have  switchboards, 
which  may  be  considered  under 
two  general  classes  —  generator 
boards  and  feeder  boards.  Each 
board  consists  of  panels. 

Generator  D.  C.  Panels. 
Th^  generator  panel  usually  con- 
tains an  automatic  circuit  breaker 
which  will  open  the  main  circuit 
to  the  generator  in  case  of  an 
overload  due  to  a  short  circuit. 
These  circuit  breakers  consist  of 
a  coil  in  the  main  circuit,  which 
acts  upon  a  solenoid.  When  the 
current  in  the  coil  exceeds  a  cer- 
tain amount,  the  solenoid  is 
drawn  in,  and  a  trigger  is  trip- 
ped which  allows  the  circuit 
breaker  to  fly  open  under  the  pressure  of  a  spring.  In  the  General 
Electric  circuit  breaker,  the  main  contact  is  made  by  heavy  copper 
jaws,  but  the  last  breaking  of  the  contact  is  made  between  points 
which  are  under  the  influence  of  a  magnetic  field.  This  magnetic 
field  blows  out  the  heavy  arc  that  would  otherwise  be  established. 
On  the  I-T-E,  the  Westinghouse  and  most  other  types  of  circuit 
breaker,  the  breaking  of  the  contact  takes  place  between  carbon 
points,  which  are  not  so  readily  destroyed  by  an  arc  as  are  copper 
contacts,  and  which  are  more  cheaply  renewed.  The  main  contact 
through  the  circuit  breaker,  in  either  type,  is  made  between  copper 
jaws  of  sufficient  cross-section  for  carrying  the  current  without  heating. 


Fig.  89a 


E.  Circuit  Breaker. 
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These  jaws  open  liefore  the  current  is  finally  broken  by  the  smaller 
contacts  which  take  the  final  arc. 

In  Fig.  89a  is  seen  a  (leneral  Electric  circuit  breaker  with  the 
magnetic  blow-out  coils  at  the  top,  the  solenoid  at  tlie  left,  and  the 
handle  for  resetting  the  circuit  breaker  at  the  bottom.  'ITie  small 
handle  for  tripping  tlie  circuit  breaker,  when  it  is  desired  to  open 
the  circuit  by  hand,  is  shown  just  under  the  solenoid. 

An  I-T-E  circuit  breaker  is  shown  in  Fig.  896.  TTiis  is  of 
the  type  previously  mentioned,  in  which  the  break  occurs  between 
carbon  contacts  and  there  is  no  magnetic  blow-out. 

In  atldition  to  the  circuit 
breaker  there  is  usually  an 
ammeter,  to  indicate  the  cur- 
rent passing  from  the  gener- 
ator; and  a  rheostat  handle, 
gearetl  to  a  rheostat  l)ack  of 
the  board,  for  cutting  in  and 
out  more  or  less  resistance  in 
the  shunt  field  coils  of  the 
generator  so  as  to  reduce  or 
raise  the  voltage.  There  is 
a  small  switch  for  opening 
and  closing  the  circuit  through 
the  shunt  field  coils. 

The  main  leads  from  the 
generator  pass  through  two 
single-[Xile  (juick-break  knife  switches.  The  most  recent  practice  is  to 
have  the  switches  on  the  switchlx>anl  in  only  the  |)ositive  and  n^ative 
leads  from  the  generator,  leaving  connection  to  the  e<|ualizer  to  be 
nuulc  by  a  switch  located  on  or  near  the  generator.  However,  all 
three  lea<ls  may  l)e  taken  to  the  switchlK)ard,  and  a  tliree-pole  knife 
switch  may  be  used  instead  of  the  positive  and  n^ative  switches 
spoken  of.  , 

In  Fig.  90  is  given  a  simple  diagram  of  the  general  relative 
connection  of  generators  and  feeders  in  a  dire<"t-current  railway 
power  station.  It  is  seen  that  the  generators  are  conncctc<l  in  pandlel 
across  the  |)ositivc  and  negative  bus  bar.  'lliere  is  a  thin!  bus  bar 
— called  an  "ec|ualizing  bus" — whidi  connects  in  |)arallel  tlie  scries 


Fig.  896.    I-T-E  Circuit  Breaker. 
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coils  of  all  the  generator  fields.  The  object  of  this  equalizer  is  to 
prevent  the  weakening  of  the  series  field  of  any  one  generator,  so  as  to 
allow  it  to  take  current  and  to  act  as  a  motor  instead  of  as  a  generator. 
Starting  Up  a  Generator.  Suppose  that  a  new  generator  is 
to  be  started  up  and  connected  to  the  bus  bars  in  addition  to  others 
already  in  operation.  The  engine  of  that  generator  is  first  brought 
up  to  speed.  The  switch  controlling  the  shunt  field  circuit  is  then 
closed,  causing  current  to  flow  through  the  shunt  fields;  and  the 
generator  begins  to  "build  up,"  its  voltage  gradually  rising  until 
it  approximates  that  upon  the  bus  bars.  Before  the  generator  is 
thrown  in  parallel  with  the   others   by  connecting  it  with  the  bus 


—  3us 


To  ra/'/s 


Armature 

fa 


ODDOfKXMT 

Shunt  r/e/tf 


Ser/'es  F 

W3S\ 


£qua//^er  ± 


4-  Bus 


V  (6 


Fig.  90.    Conuectioii  of  Generators  and  Feeder.s. 

bars,  it  is  important  that  its  voltage  be  nearly  the  same  as  that  of 
the  bus  bars.  Otherwise,  when  connected  to  the  bus  bars,  it  might 
take  more  than  its  share  of  the  load;  while,  on  the  other  hand,  if 
its  voltage  were  too  low,  it  might  act  as  a  motor,  taking  current 
from  the  bus  bars.  The  voltage  of  the  bus  bars  in  a  railway  station 
is  constantly  fluctuating,  owing  to  the  varying  load  and  to  the  fact 
that  generators  are  often  compounded,  as  before  mentioned,  in  order 
to  compensate  for  the  line  loss. 

In  order  that  the  voltage  of  the  generator  to  be  thrown  in  shall 
vary  in  accordance  with  the  bus  bar  voltage,  the  next  step  in  the 
operation  is  to  close  the  positive  switch,  assuming  that  the  equalizer 
switch  on  the  generator  has  already  been  closed.     This  throws  the 
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series  field  of  tlie  new  generator  in  parallel  with  the  series  fields  of 
the  other  generators.  The  voltage  of  the  new  generator  will  there- 
fore var\'  just  as  the  voltage  on  the  bus  bars;  ami,  by  mljusting  the 
resistance  of  the  shunt  field,  this  voltage  ran  1^  atljustecl  so  as  to  be 


the  same  as  that  on  the  bus  bars.  Tlie  voltages  on  the  bus  bars  and 
on  the  new  generator  are  ineasure<l  usually  by  a  large  voltmeter  on 
a  bracket  at  the  end  of  the  generator  switchlM)ard.  By  means  of  a 
voltmeter  plug  or  of  a  push  button  on  the  generator  panel,  the  volt- 
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meter  can  be  connected  either  to  the  bus  bars  or  to  the  new  generator. 
When  the  two  voltages  are  the  same,  the  negative  switch  of  the  new 
generator  can  l)e  closetl,  and  it  will  operate  in  parallel  with  the  other 
generators,  taking  its  share  of  the  load.  If  the  attendant  sees  that 
any  generator  is  not  taking  its  share,  he  can  raise  its  voltage  by  cutting 
out  some  of  the  resistance  in  series  with  its  shunt  field,  and  this  makes 
that  generator  take  more  load. 

Feeder  Panel.  The  feeder  panel  is  simpler  than  the  generator 
panel,  since  it  usually  handles  only  the  positive  side  of  the  circuit. 
Frecjuently  two  feeilers  are  run  on  a  single  panel  side  by  side.  The 
feetler  panel  has  an  automatic  circuit  breaker,  an  ammeter  for  indi- 
cating the  current  on  that  feeder,  and  a  single-pole  switch  for  connect- 
ing the  feeder  to  the  bus  bar.  All  generators  feed  into  a  common  set 
of  bus  bars;  and  the  positive  bus  bar  continues  back  of  the  feeder 
panels  so  that  all  feeders  can  draw  current  from  the  bus  bars.  Fig. 
91  shows  a  railway  switchboard  with  7  feeder  panels  at  the  right; 
4  generator  panels  at  the  left;  and,  in  the  middle,  a  panel  with  an 
ammeter  and  recording  wattmeter  for  measuring  total  output. 

In  some  stations  two  and  even  three  sets  of  bus  bars  are  used, 
as  it  may  be  desired  to  operate  different  parts  of  the  system  at  different 
voltages  or  to  feed  a  higher  voltage  to  the  longer  lines  than  to  those 
near  the  station.  In  such  a  case  double-throw  switches  are  provided 
for  connecting  feeders  and  generators  to  jeither  set  of  bus  bars. 

Alternating-Current  Switchboards.  In  an  alternating-cur- 
rent station,  generator  switchboards  are  radically  different  from 
those  in  a  direct-current  station.  Practice  in  alternating-current 
generator  switchboards  ha,s  not  yet  been  so  fully  standardized  and 
is  not  so  uniform  as  in  direct-current  railway  switchboards.  There 
is  always,  however,  a  three-pole  main  switch  for  opening  and  clos- 
ing the  main  three  wires  from  the  three-phase  generator.  Auto- 
matic circuit  breakers  are  usually  provided,  as  well  as  indicating 
ammeters  and  wattmeters  to  show  the  output. 

Indicating  wattmeters,  recording  the  number  of  watt  hours 
passing  through  them,  are  fre(|uently  used  both  on  alternating  and 
direct-current  generator  panels. 

A  station  usually  has  what  is  called  a  "total  load"  panel,  which 
has  a  recording  wattmeter  measuring  the  total  output  of  the  station 
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in  kilowatt  hours.  This  panel  also  has  an  ammeter  indicating  the 
total  stiitioii  load. 

High-Tension  Oil  Switches.  Altemating-<urrent  generators 
for  high  voltages  usually  have  oil  switches  to  interrupt  the  main 
circuit,  that  is,  switches  in  wliich  the  contact  is  nia<le  and  broken 
under  oil.  These  switches  have  been  found  verj'  efficient  in  pre- 
venting the  formation  of  a  destnictive  arc  upon  the  o|>ening  of  a 
high-voltage  circuit,  on  circuits  up  to  60,000  volts.  Some  of  tlie 
larger  oil  switches  are  operated  by  electric  motors  or  solenoids. 
The  machine-t\'pe  oil  switch  of  the  General  Electric  Company  has 
the  motive  fx)wer  for  o|)erating  the  switches,  stored  up  in  a  spring. 
The  spring  is  wound  up  by  a  small  electric  motor,  lliis  motor 
operates  every  time  the  switch  is  openetl  or  closed,  and  winds  up 
the  spring  enough  to  com|>ensate  for  the  amount  it  was  unwound 
in  operating  the  switch.  Each  circuit  is  broken  under  oil  in  a  long 
tul)e,  and  these  tubes  are  mounted  in  individual  cells,  each  cell 
being  separated  from  the  next  by  a  masonry  wall  so  that  there  can 
be  no  flashing  across  from  one  leg  of  the  circuit  to  another  in  case 
of  any  defect  in  the  switch.  All  the  high-tension  wiring  to  and 
from  such  switches,  is  taken  either  in  lead-c*overed  cables,  or  on 
bus  bars  separated  from  each  other  by  masonry  walls  to  prevent  the 
spreatl  of  short  circuits.  These  precautions  are  necessary  l>ecause 
of  the  great  length  of  arc  tliat  may  be  established  between  adjacent 
high-tension  conductors. 

Where  alternating-current  generators  of  low  voltage  are  used 
in  connection  \N'ith  step-up  transfonners,  one  practice  is  to  have 
the  switches  for  each  generator  directly  in  the  generator  leads,  l>e- 
tween  the  generators  and  the  step-up  transfonners,  in  the  low-voltage 
circuit. 

Another  pmctic-e  which  has  recently  1)een  intnHluceil,  is  to  con- 
sider each  generator  with  its  stcjnup  transformers  as  a  unit  and  to 
connect  the  generator  |>ennanently  with  its  bank  of  transfonners, 
and  to  control  this  unit  by  a  single  three-pole  machine-o|>eratetl 
oil  switch.  In  this  case  there  are  no  switchlM>ard  switches  l)etwccn 
generators  and  transfonners,  and  this  simplifies  the  switchlxianl 
considerably.  There  must  be  switches  on  the  high-tension  side  of 
the  transfonners  in  any  event. 
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The  switchboard  for  rotary  converters  in  the  substations  is, 
of  course,  a  combination  of  aUernating  and  direct-current  apparatus. 
The  direct-current  ends  of  the  rotary  converters  are  treated  almost 
exactly  like  direct-current  railway  generators;  and  their  switchboard 
panels  are  similarly  equipped,  except  that  usually  there  is  a  rheostat 
that  can  be  connected  in  series  with  the  armature  whereby  a  rotary 
converter  can  be  brought  up  to  speed  from  a  state  of  rest  by  connecting 
it  with  the  direct-current  bus  bars  of  the  substation. 

The  alternating-current  end  of  the  rotary  converter  is  sup- 
plied through  switches  in  the  alternating-current  leads  from  the 
step-down  transformers.  A  rotary  converter  can  be  started  from 
a  state  of  rest  by  connecting  it  to  the  alternating-current  leads  through 
the  medium  of  compensating  coils  which  reduce  the  voltage.  A  very 
heavy  current  is  required  to  do  this,  as  the  motor  thus  starts  as  a  very 
inefficient  induction  motor  with  a  very  low  power  factor. 

TfjOLtaV TROLLED  TROLLE>/ 

■T"  \       \  h'  3<^'''^C'i//r  BREAKER 

Fig.  St3.    Connection  of  Substations. 

There  are  usually  but  two  direct-current  feeder  panels  in  a 
substation  of  an  interurban  electric  road.  One  of  these  feeders 
is  to  supply  the  trolley  or  third  rail  extending  in  one  direction  from 
the  substation,  and  the  other  feeds  that  extending  in  the  other  direc- 
tion from  the  substation.  The  trolley  or  third  rail  has  a  section 
insulator  directly  at  the  substation.  When  both  feeders  are  con- 
nected to  the  bus  bars,  it  is  evident  that  this  section  insulator  is  short- 
circuited  through  the  medium  of  the  substation  bus  bars,  every  sub- 
station on  the  line  being  connected  in  this  way,  as  indicated  in  Fig.  92. 
It  is  seen  that,  should  a  short  circuit  occur  on  any  section,  it  would 
open  the  circuit  breakers  at  the  substations  at  both  ends,  and  that 
section  would  not  interfere  with  the  balance  of  the  road.  At  the 
same  time,  when  the  road  is  in  normal  operation  and  there  is  an 
unusually  heavy  load  between  any  two  substations,  the  other  sub- 
stations along  the  line  can  help  out  those  nearest  to  the  load  by  feeding 
through  the  bus  bars  of  the  nearest  substation. 
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The  high-tension  apparatus  at  a  substation  consists  usually 
of  a  bank  of  hi^U-tension  lightning  arresters;  high-tension  si^ntches, 
for  shutting  off  the  high-tension  current;  and  step-down  transformers, 
for  reducing  from  the  high  transmission  voltage  to  the  370  volts 
commonly  fed  to  the  alternating-current  end  of  railway  rotary  con- 
verters. 

5torafi:e  Batteries  in  Stations.  Storage  batteries  are  fre- 
quently used  both  in  substations  and  in  direct-current  power  stations, 
'riiey  may  l)e  conne('te<l  directly  across  the  line  and  allowed  to  "  float," 
as  it  is  termed ;  or  they  may  be  used  in  coiuiection  with  storage-batten*' 
iKKKsters,  which  will  cause  the  storage  battery  to  take  the  fluctuations 
in  the  loatl  and  to  give  a  constant  load  on  the  rotary  converters  or 
power  station.  The  action  of  storage-battery  lx)osters  which  cause 
the  storage  batter)'  to  be  charged  automatically  at  light  loads  and  to 
discharge  and  assist  the  station  at  heavj'  loads,  is  explained  in  the 
paper  on  "Storage  Batteries." 

ALTERNATING-CURRENT  SYSTEMS. 

So  far  this  paper  has  been  devoted  almost  entirely  to  electric 
railway  systems  employing  500-volt  direct-current  motors  on  the 
cars,  since  this  is  the  system  almost  universally  employed  on  elec- 
tric railways  at  the  present  time.  There  are,  however,  several  sys- 
tems employing  alternating-current  motors  on  cars,  which  have 
already  l^een  used  experimentally  and  to  some  extent  commercially. 
Some  of  these  give  promise  of  coming  into  extensive  use. 

Three-Phase  Motors.  On  several  roads  in  Europe  tliree- 
phase  induction  motors  are  employed.  Tliese  induction  motors 
are  operated  by  three-phase  alternating  current  taken  direct  from 
the  trolley  wires.  As  tliree  conductors  are  necessary,  two  trolley 
wires  are  used,  with  the  rails  as  the  third  conductor.  The  two 
principal  objections  to  the  system  are  the  necessity  of  two  trolley 
wires,  and  the  fact  that  the  induction  motor  operates  very  much 
like  a  direct-current  shunt  motor  in  that  it  is  a  constant-speed  motor 
and  not  adapted  to  variable-speed  work.  Tlie  power  factor  is  low 
in  starting;  that  is,  a  great  volume  of  current  is  taken,  although, 
owing  to  the  voltage  and  the  current  not  being  in  phase,  the  actual 
energy  consumed  is  small. 
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Single-Phase  Motors.  The  Westinghoiise  Electric  &  Manu- 
facturing Company  lias  brought  out  a  railway  motor  adapted  to 
operate  on  single-phase  alternating-current  circuits.  This  motor 
is  very  similar  in  construction  to  the  ordinary  series-wound  500-volt 
direct-current  railway  motor.  It  has,  however,  more  field  poles 
than  the  ordinary  direct-current  motor;  and  the  pole  pieces  are 
laminated  to  avoid  heating  of  the  iron  by  eddy  currents  caused 
by  the  influence  of  the  alternating  current.  There  are  also  other 
special  features  in  the  design  that  reduce  the  sparking  at  the  com- 
mutator, which  sparking  was  for  several  years  the  greatest  obstacle 
to  the  use  of  alternating-current  motors  of  this  kind.  In  the  West- 
inghouse  system  the  current  is  taken  from  the  trolley  wire  at  high 
potential,  and  is  reduced  by  an  auto-transformer  on  the  car.  This 
auto-transformer  is  connected  with  an  induction  regulator  so  ar- 
ranged that  a  low  voltage  can  be  supplied  to  the  motor  in  starting 
or  for  slow  running,  and  this  voltage  increased  to  increase  the  speed. 
There  is  thus  no  need  to  reduce  the  trolley  voltage  by  wasting  part 
of  it  in  a  rheostat,  as  is  the  case  with  direct-current  motors;  and  the 
efficiency  during  acceleration  is,  therefore,  higher  with  this  alternating 
system  than  with  the  direct  current.  Several  other  single-phase 
railway  motors  are  also  being  worked  out  at  the  present  time,  includ- 
ing that  of  the  General  Electric  Company. 

Alternating-Current  Motor  Advantages.  There  are  two 
great  advantages  secured  by  the  use  of  an  alternating-current  railway 
motor.  The  first  is  a  reduction  in  investment  and  operating  expenses 
by  doing  away  with  substations  containing  rotary  converters.  Such 
substations  are  necessary  on  long  lines  of  railway  operating  with 
direct-current  motors.  The  second  advantage  is  that,  owing  to  the 
fact  that  a  high  tension  current  can  be  used  on  the  trolley  wire  and 
reduced  by  a  transformer  on  the  car,  the  difficulties  of  collecting  a 
large  amount  of  energy  from  a  trolley  wire  are  much  reduced. 

First,  in  regard  to  the  substations,  it  will  be  seen  that  with 
the  alternating-current  motor  system,  high-tension  current  can  be 
conductetl  from  the  power  house  to  substations  along  the  line  which 
contain  nothing  but  static  transformers.  Since  these  transformers 
have  no  revolving  parts  they  do  not  require  the  constant  attendance 
that  a  rotary  converter  does.  Furthermore,  the  investment  in  rotary 
converters  is  entirely  dispensed  with,  and  this  makes  a  considerable 
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r^uction  in  the  total  cost  of  tl«e  <Iistril)Ution  plant.  With  the  aUer- 
nating-current  system,  current  is  fwl  (Hrect  to  tlic  trolley  wire  fnini 
the  secondary'  terminals  of  the  transformers  at  the  suhstations. 

As  r^arcls  the  a<lvantages  of  carrj'ing  a  high  voltage  on  the 
trolley  wire,  it  will  readily  l)e  seen  that,  since  the  amount  of  power, 
or  the  watts  recjuired  hy  a  car,  is  etjual  to  the  prtxhict  of  the  voltage 
and  current,  an  increase  in  the  voltage  reduces  the  volume  of  current 
necessary.  By  having  high  voltage  on  the  trolley  wire,  even  a  large 
car  can  lie  operated  with  a  small  volume  of  currcnit,  and  this  current 
can  be  taken  through  an  ordinary  tn)lley  wheel  without  difliculty. 
Where  500  volts  is  the  pressure  usetl  on  the  tmlley  wire,  there  is  con- 
siderable flashing  and  burning  of  trolley  wheel  and  wire  when  large 
cars  and  I'scomotives  are  run,  owing  to  tl\£  heavy  current  conilucted; 
and  this  has  been  one  of  the  principal  reasf)ns  for  the  adoption  of 
the  third  rail  instead  of  the  trolley  on  certain  roads.  Even  with  the 
thin!  rail,  the  volume  of  current  that  must  be  conducted  to  large 
electric  locomotives  involves  some  difficulties  in  the  way  of  heated 
contact  shoes  and  considerable  loss  of  enei^.  The  use  of  high 
voltage  on  the  trolley  wire,  with  transformers  on  the  car  to  retluce 
the  voltage  to  a  safe  pressure  for  use  on  the  motors,  overcf)mes 
many  of  the  difficulties  that  would  otherwise  l>e  found  iu  the  use 
of  electricity  for  heavy  railroad  work. 

OPERATION. 

Power  Taken  by  Cars.  The  amount  of  power  recjuired  in 
the  practical  o|)eration  of  a  car  tlej>ends  u|)on  so  many  variable 
elements  that  many  of  the  calculations  sometimes  given  for  deter- 
mining the  |)ower  recjuired  by  a  car  are  of  little  value.  The  theo- 
retical horsepower  required  to  maintain  a  car  at  a  certain  spee<l 
on  a  level,  is  evidently  the  tractive  effort  in  pounds  multiplied  by 
the  speed  in  feet  per  minute  an«l  divide<l  by  3.3,(XX).  What  the 
tractive  effort  per  ton  of  car  will  l>e,  dej)ends  on  the  condition  of 
the  rail  and  on  several  other  uncertain  factors.  For  street-railway 
motor  cars,  20  |K)unds  per  ton  is  the  usual  tractive  effort  assumed 
as  necessary.  A  calculation  of  this  kind,  however,  takes  no  account 
of  the  losses  in  the  motors  and  gears,  nor  of  the  fact  that  the  greater 
part  of  the  power  recpiire*!  to  pro|)el  a  street  car  in  practical  ser\ice 
is  used  in  accelerating  the  car  from  a  state  of  rest  to  full  s{)eeii.     In 
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intenirban  service,  of  course,  the  |)ower  reqiiiretl  in  acceleration  is 
not  so  great  a  pro|M)rtion  of  tlie  whole. 

The  safest  figures  to  use  in  engineering  calculations  as  to  the 
amount  of  power  required,  are  those  taken  from  actual  results  ol>- 
tainetl  in  everj'day  commercial  ser\'ice.  The  |X)wer  retjuired  by 
an  eight-ton  car  in  service  in  a  large  city  like  Chicago,  is  in  the  neigh- 
borhood of  one  kilowatt  hour  per  car-mile  run.  On  outlying  lines 
this  figure  may  be  reduced  to  .7  kilowatt  hour,  and  in  the  down-town 
districts  may  run  up  to  1.5  kilowatt  hours  per  car  mile.  Double- 
tnick  cars  in  city  service,  weighing  from  20  to  25  tons,  take  from 
2^  to  4  kilowatt  hours  per  car  mile  at  the  power  station.  Interurl)a  i 
cars  around  Detroit,  weighing  about  32  tons,  in  intenirban  ser\'icj, 
making  25  miles  per  hour,  including  stops,  in  level  country,  and 
geared  to  43  miles  per  hour,  take  about  3  kilowatt  hours  per  car  mile 
at  the  power  station.  However,  interurban  railway  conditions  are 
extrsmely  variable. 

The  reports  of  several  Indiana  electric  railways  show  an  average 
power  consumption  of  1.48  kilowatt  hours  per  car  mile  for  city  cars 
and  5.18  kilowatt  hours  for  interurban  cars,  including  line  and  dis- 
tribution losses. 

An  interurban  car  weighing  31  ^  tons  and  equipped  with  two 
150  horsepower  motors,  on  a  test  run  of  50  miles  at  an  average  speed 
of  39  miles  per  hour  consumed  2.20  kilowatt  hours  per  car  mile. 
This  car  made  IS  stops.  A  similar  car  under  the  same  cx)nditions 
made  the  same  run  at  an  average  speed  of  20  miles  j)er  hour  with 
44  stops,  consumed  2.44  kilowatt  hours  and  a  third  car,  making  12 
stops  and  at  a  speetl  of  33  miles  per  hour,  consumetl  2.10  kilowatt 
hours  per  car  mile.  These  individual  car  test  figures  are  from 
measurements  taken  at  the  car  and  do  not  include  line  losses. 

Road  Tests  of  Electric  Cars.  Of  late  considerable  attention 
has  been  given  to  making  roa<l  tests  of  electric  cars.  The  results 
of  the  tests  are  usually  plotted  in  the  form  shown  in  Fig.  93.  Time 
is  plotted  horizontally  in  seconds,  while  volts,  amperes,  spee<l  and 
per  cent  grmle  are  plotted  vertically.  The  diagram  referred  to  is 
the  result  of  a  continuous  run  of  G  minutes  of  a  32.5  ton  car  equip|>ed 
with  two  motors.  The  line  voltage,  motor  consumption  and  other 
readings  may  Ik*  obtained  for  any  instant  of  time.  The  act-eleration 
ill  miles  per  hour  per  second  may  be  obtained  by  noting  tlie  increase 
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in  height  of  the  speed  curve  in  one  second.  In  making  such  a  test 
the  necessary  instruments,  voltmeters,  ammeters,  wattmeters  and 
speed  indicators  are  mounted  direct  on  the  car  and  are  read  at  in- 
tervals of  a  few  seconds. 

The  curve  of  motor  consumption  gives  an  idea  of  the  abnormal 
current  required  to  get  the  car  under  headway. 

Economy  in  Power.  As  already  stated,  a  large  part  of  the 
energy  taken  by  a  car  in  city  service  is  used  in  accelerating  the  car. 
Much  of  this  energy  must  be  destroyed  or  used  up  in  the  brake  shoes 
at  the  next  stop.  The  energy  stored  up  in  a  car  by  process  of  accel- 
eration is  represented  by  the  formula: 

.     ,    „          Mass  in  lbs.  X  (Velocity  in  ft.  per  sec.)'*       ,  .  , 
Energy  m  ft.  lbs.  = -^ — '^ * ,  which 

is  the  formula  for  kinetic  or  live  energy,  the  derivation  of  which  is 
found  in  any  Instruction  Paper  on  Mechanics.  In  performing  any 
given  schedule  with  frequent  stops,  the  more  rapid  the  acceleration 
the  lower  the  maximum  speed  required  to  make  the  schedule,  and  the 
less  the  energy  required  in  acceleration.  For  city  street  and  elevated 
service,  therefore,  rapid  acceleration  and  low  maximum  speeds  are 
desirable  because  not  only  more  economical  but  safer. 

For  economical  operation  with  any  given  equipment  and  sched- 
ule, it  is  important  to  use  as  much  of  the  energy  stored  up  in  the 
car  as  possible,  before  wasting  it  by  applying  the  brakes.  Motors 
are  built  of  a  size  to  yield  the  large  horsepower  required  in  accelera- 
tion, and  consequently  are  lightly  loaded  when  operating  the  car 
at  maximum  speed.  To  economize  in  power,  current  should  be  shut 
off  as  soon  as  possible  after  the  car  has  attained  full  speed;  and  the 
car  should  be  allowed  to  drift  without  current  as  long  as  possible 
before  the  brakes  are  applied.  In  this  way  the  energy  stored  in  the 
car  will  propel  it  at  nearly  maximum  speed  for  a  considerable  dis- 
tance between  stops;  there  will  be  the  smallest  possible  waste  of 
energy  in  the  brake  shoes;  and  the  losses  of  energy  which  take  place 
when  the  current  is  in  the  motors  will  be  prevented  as  far  as  possible. 
Practical  tests  as  well  as  theoretical  calculations  show  a  possibility 
of  very  material  saving  in  energy  in  the  operation  of  an  electric  railway 
car  or  train,  by  the  observance  of  this  simple  rule  of  drifting  as  much 
an  possible  and  using  the  brakes  as  little  as  possible.  Whatever 
energy  is  used  up  in  the  brake  shoes  is  necessarily  wasted.     The 
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smaller  this  waste  can  be  kept  while  performing  a  given  service,  the 
greater  the  economy  se<-ure<l. 

Cost  of  Power.  The  reports  of  85  j)er  cent  of  the  railway 
power  generating  stations  in  Indiana  show  the  average  cost  at  the 
station  per  kilowatt  hour  to  \ye  .755  cent.  This  was  divided  as  follows: 
Fuel  .520  cents,  lalxir  .158  cents,  lubricants  and  miscellaneous  sup- 
plies .0.'i2  cents,  repairs  .039  cents.  The  lowest  cost  retH)rte<l  was 
.505  cents. 

During  1901  the  average  cost  of  power  generate<l  at  the  power 
house  of  the  Indiana  Union  Traction  Company  was  .443  cents  per 
kilowatt  hour  at  the  switchboanl.  Distribute*!  from  the  .substations 
it  was  .765  cents  per  kilowatt  hour.  Natural  gas  was  used  for  fuel. 
On  occasions  when  this  failed,  coal  at  .SI  50  |)er  ton  was  burned. 

Sliding:  and  Spinning  Wlieels.  In  accelerating  a  car,  how- 
ever, there  is  no  economy  in  turning  on  current  so  rapidly  as  to  spin 
the  wheels.  As  mentionetl  in  the  section  on  "Brakes,"  the  tractive 
effort  between  wheels  and  rails  falls  off  al)out  two-thirds  when  the 
wheels  l>egin  to  slip;  and  this  slipping  of  wheels,  therefore,  re<luces 
the  chance  of  securing  the  acceleration  which  is  possible.  For  the 
same  reason,  in  making  emergency  stops  either  by  the  use  of  brakes 
or  by  reversing  tlie  motors,  care  .should  l)e  taken  not  to  slide  the 
wheels,  as  by  .so  doing  the  time  recpiired  to  stop  the  car  is  much 
increasetl. 

In  the  onlinar)'  straight  air-brake  equipment  u.setl  on  heavy 
electric  cars,  there  is  much  higher  pres.sure  carrie<l  in  the  storage 
reservoir  than  it  is  permissible  to  turn  into  the  brake  cylinder,  since, 
if  the  full  pressure  were  turned  into  the  brake  cylinder,  it  would 
result  in  .sliding  of  the  wheels — which,  it  has  just  l)een  .shown,  is 
something  to  l)e  avoidetl,  not  only  on  account  of  making  flat  .spots 
on  the  wheels,  but  also  l)ecause  of  the  reduction  in  the  braking  force 
as  .soon  as  the  wheels  l)egin  to  slide.  An  experience*!  motorman 
can  tell  from  the  feeling  of  the  car  when  the  wheels  are  sliding,  ami 
will  instantly  release  the  brake  sufficiently  to  allow  the  wheels  to  begin 
to  revolve  as  .soon  as  he  notices  that  this  has  taken  place. 

ITie  friction  l)etween  brake  shoes  and  car  wheels  decreases  as 
the  speed  increases.  A  certain  pre.s.sure  applied  to  the  brake  shoes 
upon  a  car  nmning  50  miles  per  hour,  therefore,  exerts  much  less 
retarding  force  than  the  .same  pressure  at  ten  miles  per  hour.     In 
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order  to  give  the  same  braking  or  retarding  force  at  higher  speeds, 

the  brakes  must  be  appHed  harder  than  at  the  lower  speeds.     If 

they  are  appHed  at  the  maximum  pressure  possible  without  sliding 

the  wheels  at  higher  speeds,  it  is  evident  that  this  pressure  must 

be  reduced  as  the  speed  of  the  car  is  reduced,  or  the  wheels  will  be 

"skidded."    In  the  Westinghouse  high-speed  automatic  air  brake 

used  on  steam  roads,  this  reduction  of  pressure  is  automatically 

accomplished. 

TESTING  FOR  FAULTS. 

Bond  Testing.  It  is  important  to  test  the  conductivity  of 
rail  bonds  from  time  to  time  in  order  to  determine  if  they  have  de- 
teriorated so  as  to  reduce  their  conductivity  and  introduce  an  unneces- 
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Fig.  94.    Bond  Testing. 

sary  amount  of  resistance  into  the  return  circuits.  One  way  of 
doing  this  is  to  measure  the  drop  in  potential  over  a  bonded  joint 
as  compared  with  the  drop  in  potential  of  an  equal  length  of  unbroken 
rail.  To  do  this,  an  apparatus  is  employed  whereby  simultaneous 
contact  will  be  made  bridging  three  or  more  feet  of  rail  and  an  equal 
length  of  rail  including  the  bonded  joint,  as  shown  in  Fig.  94,  which 
illustrates  the  connections  of  a  common  form  of  apparatus  where 
two  milli-voltmeters  are  employed  that  measure  the  drop  in  voltage 
of  the  bonded  and  unbonded  rail  simultaneously.  If  the  current 
flowing  through  the  rail  due  to  the  operation  of  the  cars  were  constant, 
of  course  one  milli-voltmeter  might  be  used,  being  connected  first 
to  one  circuit  and  then  to  the  other.  The  current  in  the  rail,  however, 
fluctuates  rapidly,  so  that  two  instruments  are  necessary  for  rapid 
work.  The  resistance  of  the  bonded  joint  is  usually  considerably 
more  than  that  of  the  unbroken  rail,  and  the  milli-voltmeter  used  to 


334 


ELECTRIC   RAILWAYS  121 

brklge  the  joint  consefjuently  need  not  be  so  sensitive  as  that  bridging 
the  unbroken  rail. 

In  anotlier  form  of  apparatus,  a  telephone  receiver  is  used  in- 
stead of  the  niilli-voltmetcr,  the  resistance  of  a  long  unbroken  rail 
being  balanced  against  that  of  the  bonded  joint,  as  in  a  \Mieat- 
sione  bridge,  until,  u|K)n  closing  the  circuit,  these  two  resistances 
when  balanced  give  no  sound  in  the  telephone  receiver. 

Bond  tests  of  this  kind  can  be  made  with  satisfaction  only 
vfhen  a  considerable  volume  of  current  is  flowing  through  the  rails 
at  the  time  of  the  test,  l)ecause  the  drop  in  voltage  is  dependent 
on  the  current  flowing,  and  in  any  event  is  small.  It  has  some- 
times been  found  necessary  or  advisable  to  fit  up  a  testing  car  equipped 
with  a  rheostat  which  will  itself  use  a  considerable  volume  of  current, 
so  a*<  to  give  a  current  in  the  rail  which  will  give  an  appreciable  drop 
of  j)<)tential  across  a  bonde<l  joint.  Some  of  the  latest  forms  of  testing 
cars  carry  motor  generators  which  will  pass  a  large  current  of  known 
value  through  a  bonded  joint,  and  so  cause  a  drop  of  potential  across 
the  joint  large  enough  to  be  easily  measuretl. 

riotor-Coil  Testing.  Testing  for  faults  in  the  motor  armature 
and  field  coils  is  done  in  a  great  variety  of  ways.  ^Fhe  resistance 
of  these  coils  can  be  measured  by  means  of  a  Wheatstone  bridge 
employing  a  telephone  receiver  in  place  of  the  galvanometer  used 
in  such  bridges  in  laboratory  practice;  but  other  less  delicate  tests 
are  also  in  use. 

Another  methotl  is  to  pass  a  known  current  through  the  coil 
to  be  tested  and  to  measure  the  drop  in  the  voltage  between  the 
terminals  of  the  coil,  the  voltage  divided  by  the  current  equaling 
the  resistance. 

A  simple  method,  and  one  which  involves  no  delicate  instru- 
ments, has  lately  been  introduced  into  railway  shop  practice  very 
successfully.  This  is  known  as  the  transformer  test  for  short-circuited 
coils.  It  requires  an  alternating  current  which  can  easily  be  supplied 
either  by  a  regular  motor  generator  or  by  putting  collecting  rings 
onto  an  ordinary  direct-current  motor  and  connecting  these  rings  to 
bars  of  opposite  |)olarity  on  the  commutator. 

The  method  of  testing  for  short-circuited  armature  coils  em- 
ployed in  the  shops  of  the  St,  Louis  Transit  Company  is  indicated 
in  diagram  in  Fig.  95.    A  core  built  up  of  soft  laminated  iron  is 
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wound  with  28  turns  of  No.  6  copper  wire.  This  coil  is  supplied 
with  alternating  current  from  a  110-volt  circuit.  The  core  has 
pole  pieces  made  to  fit  the  surface  of  the  armature.  When  one 
side  of  a  short-circuited  coil  in  the  armature  is  brought  between 
the  pole  pieces  of  this  testing  transformer,  as  in  Fig.  95,  the  short- 
circuited  armature  coil  becomes  like  the  short-circuited  secondary 
of  a  transformer,  and  a  large  current  will  flow  in  it.  This  current 
will  in  time  manifest  itself  by  heating  the  coil;  but  it  is  not  necessary 
to  wait  for  this,  as  a  piece  of  iron  held  over  that  side  of  the  coil  not 
enclosed  between  the  pole  pieces,  as  indicated  in  Fig.  95,  will  be 
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Fig.  95.    Method  of  Testing  for  ShortKilrculted  Annatiire  Colls. 

attracted  to  the  face  of  the  armature  if  held  directly  over  the  coil, 
but  will  be  attracted  at  no  other  point. 

This  testing  can  Ibe  done  very  rapidly,  and  does  not  require 
delicate  instruments  or  skilled  operators. 

Tests  for  short  circuits  in  field  coils  can  be  made  in  a  similar 
manner,  by  placing  the  coils  on  a  core  which  is  magnetized  by  alter- 
nating current.  The  presence  of  a  short  circuit,  even  of  one  con- 
volution of  a  field  coil,  will  be  apparent  from  the  increase  in  the 
alternating  current  required  to  magnetize  the  core  upon  which 
the  field  coil  is  being  tested. 
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The  insulation  resistance  of  annatures  and  fields  is  frequently 
tested  by  means  of  ulteniating  current,  al)out  2,000  volts  being 
the  common  testing  voltage  for  500-volt  motor  coils.  One  tenni- 
nal  of  the  testing  circuit  is  connected  to  the  frame  of  the  motor, 
and  the  other  to  its  windings.  Any  weakness  in  the  insulation 
insufficient  to  withstand  2,000  volts  will^  of  course,  l)c  broken  down 
by  tliis  test.  Alteniating  current  is  generally  used  for  such  tests 
because  it  is  usually  more  easily  obtained  at  the  pro[>er  voltage,  as 
it  is  a  simple  matter  to  put  in  an  alternating  transformer  which  will 
give  any  desireil  voltage  and  which  can  be  controlled  by  a  primary 
circuit  of  low  voltage. 

Open  circuits  in  the  armature  can  be  easily  detected  by  placing 
the  armature  in  a  frame  so  that  it  can  be  rotated,  the  frame  Ijeing 
provided  with  bnishes  resting  90°  apart  on  the  commutator.  If 
either  an  alteniating  or  direct  current  be  passed  through  the  armature 
by  means  of  these  brushes,  and  the  armature  be  rotated  by  hand, 
a  flash  will  occur  when  the  open-circuited  coils  pass  under  the  brushes. 
A  large  current  should  be  used. 

ITie  tests  just  mentioned  are  among  the  best  of  the  methods 
used  by  electric-railway  companies  for  systematic  work  in  the  loca- 
tion of  certain  classes  of  faults.  A  large  number  of  other  methods 
of  testing  have  also  been  evolved. 

The  following  are  some  of  the  most  common  faults  experienced 
with  electric  railway  car  equipments: 

Grounds.  As  one  side  of  the  circuit  is  grounded,  any  acci- 
dental leakage  of  current  from  the  car  wiring  or  the  motors  to  ground 
will  cause  a  partial  short  circuit.  Such  a  ground  on  a  motor  will 
manifest  itself  by  blowing  the  fuse  or  opening  the  circuit  breaker 
whenever  current  is  turned  into  the  motor.  In  case  the  fuse  blows 
when  the  trolley  is  placed  on  the  wire  and  the  controller  is  off,  it  is 
a  sign  that  there  is  a  ground  somewhere  in  the  car  wiring  outside 
of  the  motors.  Moisture  and  the  abrasion  of  wires  are  the  most 
common  causes  of  grounds  in  car  wiring.  In  motors,  defects  are 
usually  due  to  overheating  and  the  charring  of  the  insulation. 

Burn-Outs.  Burning  out  of  motors  is  due  to  two  general 
causes:  First,  a  ground  on  the  motor,  which,  by  causing  a  partial 
short  circuit,  causes  an  exc*essive  current  to  flow;  second,  overload- 
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ing  the  motor,  which  causes  a  gradual  burning  or  carbonizing  of 
tlie  insulation  until  it  finally  breaks  down. 

ShortH-ircuited  field  coils  having  a  few  of  their  turns  short- 
circuited,  if  not  promptly  discovered,  are  likely  to  result  in  burned- 
out  armatures,  as  the  weakening  of  the  field  reduces  the  counter- 
ele<-tromotive  force  of  the  motor,  so  that  an  abnormally  large  current 
Hows  through  the  armatures.  Cars  with  partially  short-circuited 
fields  are  likely  to  run  above  their  proper  speed,  though,  if  only  one 
motor  on  a  four-motor  ecjuipment  has  defective  fields,  the  motor 
armature  is  likely  to  bum  out  before  the  defect  is  noticed  from  the 
increase  in  speed. 

Defects  of  Armature  Windings.    Defects  in  armature  wind- 
ings   probably    cause    one- 
third   the  maintenance  ex- 
penses of  electrical   equip- 
ment of  cars.     Almost  all 
repair  shops  have  men  con- 
tinually employed  in  repair- 
ing   them.     The    most  fre- 
quent   trouble   with  arma- 
tures is   through   failure  of 
the    insulation  of  the  coils 
and    consequent   "ground- 
ing."    This  term  is  used  in 
connection  with  armatures 
and   fields  and   other  elec- 
trical   apparatus    where    a 
direct  path  exists  to  ground. 
As  the  armatuf^  core  is  electrically  connected  to  the  ground  through 
its  bearings  and  the  motor  casing,  a  break  down  of  the  insulation 
of  the  coils  in  the  slots  permits  the  current  to  pass  directly  to  ground. 
This  shunts  the  current  around  the  fields  and  an  abnormal  current 
flows  because  of  their  weakness.      The  circuit  breaker  or  fuse  is 
placed  in  circuit  to  protect  the  apparatus  in  such  an  emergency,  but 
usually  before  such  devices  break  the  circuit,  several  of  the  coils  of 
the  armature  are  burned  in  such  a  manner  as  to  make  their  removal 
necessary-.    The  coils  are  so  wound  on  top  of  one  another  that  in 
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Fig.  97. 


order  to  replace  one  coil  alone,  one-fourth  of  the  coib  of  the  arma- 
ture must  be  lifted. 

With  the  armature  of 
No.  1  motor  grounded  tlie 
car  will  not  operate  and  if 
the  resistance  points  l>e 
passed  over,  tlie  fuse  will 
usually  blow.  WTien  No.  2 
motor  is  grounded  the  action 
of  No.  1  motor  is  not  im- 
pairetl  and  this  latter  motor 
will  pull  the  car  until  the 
controller  is  thrown  to  the 
multiple  position.  But  if 
the  motors  are  thrown  in 
nmltiple,  the  path  through 
the  ground  of  No.  2  motor 
shunts  motor  No.  1.    A 

study  of  Fig.  18  will  make  this  evident. 

Next  to  grounding,  open  circuits  are  the  most  serious  defects 

of  armatures.      These   arc 

usually  caused  by  burning 

in  two  of  the  wires  in  the 

slot,   or  where    they   cross 

one  anotlier  in   passing  to 

the  commutator.    Some- 
times the  connections  where 

the   leads   are   soldered  to 

the    commutator   become 

loose. 
ITie  effect   of   an    open 

circuit  is  shown  in  Fig.  96. 

The  circuit  is  open  at    n. 

The   brushes  are  on   seg- 
ments a  and  d.    By  tracing 

out  the  winding  it  will  be 

found  that  no  current  flows  through  the  wires  marked  in  heaN-y  lines. 

Whenever  s^ments  c  and  d  are  under  a  brush  the  coil  with  the  open 
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circuit  is  bridged  by  the  brush  and  current  flows  as  in  a  normal 
armature.  As  segment  c  passes  out  from  under  the  brush  the  open 
circuit  interrupts  the  current  in  half  the  armature  and  a  long  flaming 
arc  is  dra\Mi  out. 

In  Fig.  97  is  shown  the  result  of  a  short  circuit  between  two 
coils.  The  short  circuit  is  at  b,  c,  the  two  leads  coming  in  contact 
with  each  other  when  they  cross.  The  effect  is  to  short-circuit  all 
of  the  winding  indicated  by  the  heavy  Unes. 

Mistakes  in  Winding  Armatures.  The  armature  winder  is 
given  very  simple  rules  as  to  how  to  wind  the  armature,  but  the  great 
number  of  leads  each  to  be  connected  to  their  proper  commutator 
segment  sometimes  so  confuse  him  that  misconnections  are  made. 
The  effect  of  getting  two  leads  crossed  is  shown  in  Fig.  98.     The 

leads  to  segments  b  and  c 
from  the  right  are  shown 
interchanged  This  short- 
circuits  the  coils  shown  in 
heavy  lines.  The  abnormal 
current  resulting  in  these 
would  usually  cause  them 
to  bum  out. 

Fig.  99  shows  the  results 
of  placing  all  of  the  top 
leads  or  all  of  the  bottom 
leads  one  segment  beyond 
the  proper  position.  This 
causes  the  circuit  starting 
from  a  and  traveUng  coun- 
ter clockwise  around  the 
armature  to  return  on  segment  m  instead  of  on  segment  6  as  is  the 
case  in  Fig.    97. 

The  only  result  of  such  connections  is  to  change  the  direction 
of  rotation  of  the  armature.  It  may  be  noticed  by  comparing  the 
two  figures  tliat  with  the  positive  brush  on  segments  a  the  arrows 
show  the  currents  to  be  in  opposite  directions  in  coils  similarly  located 
with  reference  to  the  position  of  the  brushes  Some  armatures  are 
intended  to  be  wound  as  in  the  last  '*«»«e  mentioned. 
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5parkin]i:  at  the  Commutator.  As  railway  motors  are  made 
to  oj)erate,  and  usually  do  operate,  almost  sparklessly,  sparking  at  the 
brushes  may  be  taken  as  a  sign  tliat  something  is  nuiieally  wrong. 

The  pressure  exertetl  by  the  spring  in  the  brush  holder  may 
not  hold  the  brush  fimdy  against  the  commutator. 

If  bnishes  are  bunie<l  or  bmken  so  that  they  do  not  make  goo<l 
contact  on  the  commutator,  they  should  Ix;  reneweti  or  should'  Ije 
sandpapered  to  fit  the  commutator. 

A  dirty  commutator  will  cause  sparking. 

A  commutator  having  uneven  surface  will  cause  sparking,  and 
should  be  |K)lishe<l  off  or  tumetl  down. 

Sometimes  the  mica  segments  between  commutator  bars  do  not 
wear  as  fast  as  the  bars 
and  when  this  is  the  case, 
the  brushes  will  be  kept 
from  making  gotxl  contact 
when  the  commutator  bars 
are  sHghtly  worn.  The 
remedy  is  to  take  the  arm- 
ature into  the  shop,  and 
groove  out  the  mica  l)etween 
the  commutator  bars  for  a 
depth  of  about  j*;j-inch  be- 
low the  commutator  surface. 

A  greenish  flash  which 
appears  to  run  around  the 
commutator,  accompanietl 
by  scoring  or  burning  of  the 

commutator  at  two  points,  indicates  tliat  there  is  an  open-circuited 
coil  at  the  points  at  which  the  scoring  occurs  as  in  Fig,  100, 

The  magnetic  field  may  be  weakened  by  a  short  circuit  in  the 
field  coils,  as  before  explained,  and  this  may  give  rise  to  sparking. 

Short  circuits  in  the  armature  may  give  rise  to  sparking,  but 
will  also  be  matle  evident  by  tlie  jerking  motion  of  the  car  and  the 
blowing  out  of  the  fuse. 

Failure  of  Car  to  Start,  llie  failure  of  tlie  car  to  start 
when  the  controller  is  turned  on  may  be  due  to  any  of  the  following 
causes: 


Fig.  100. 
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Opening  of  the  circuit  breaker  at  the  power  house. 

Poor  contact  between  the  wheels  and  the  rails  owing  to  dirt  or 
to  a  breaking  of  the  bond  wire  connections  between  the  rail  on  which 
the  car  is  standing  and  the  adjacent  track. 

One  controller  may  be  defective  in  that  one  of  the  contact  fingers 
may  not  make  connection  with  the  drum.  In  this  case  try  the  other 
controller  if  there  is  another  one  on  the  car. 

The  fuse  may  be  blown  or  the  circuit  breaker  opened.  The 
occurrence  of  either  of  these,  however,  is  usually  accompanied  by 
a  report  which  leaves  little  doubt  as  to  the  cause  of  the  interruption 
in  current. 

The  lamp  circuit  is  always  at  hand  for  testing  the  presence  of 
current  on  the  trolley  wire  or  third  rail.  If  the  lamps  light  when 
the  lamp  circuit  is  turned  on,  it  is  a  tolerably  sure  sign  that  any 
defect  is  somewhere  in  the  controllers,  motors,  or  fuse  boxes,  although 
in  case  the  cars  are  on  a  very  dirty  rail  enough  current  might  leak 
through  the  dirt  to  light  the  lamps,  but  not  sufficient  to  operate  the 
cars.  In  such  a  case,  the  lamps  will  immediately  go  out  as  soon  as 
the  controller  is  turned  on.  Ice  on  the  trolley  wire  or  third  rail  will 
have  the  same  effect  as  dirt  on  the  tracks. 

LOCATING  DEFECTS  IN  MOTOR  AND  CONTROLLER 
WIRING. 

Defects  in  the  wirings  are  those  due  to  (1)  open  circuits,  (2) 
short  circuits.  Open  circuits  make  themselves  evident  by  no  flow 
of  current,  short  circuits  usually  by  a  blowing  of  the  fuse  or  opening 
of  the  breaker.  The  point  of  the  short  circuit  or  "ground"  can  be 
located  roughly  by  noting  on  what  point  the  fuse  is  blown.  Accurate 
location  can  be  made  by  cutting  out  the  motors,  disconnecting,  otc, 
according  to  directions  in  the  following  pages.  The  tests  outlined 
apply  particularly  to  the  K  type  of  controller  with  two-motor  equip- 
ment. 

OPEN-CIRCUIT  TEST5. 
No  current: 

On  1st  point, 

Open  circuit  but  not  located. 

On  1st  point  multiple,  ' 

Motors  most  probably  O.  K. 
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On  series-resistance  points  after  trying  1st  point  multiple, 
Open  circuit  outside  controller  and  equipment  wiring. 

With  an  open  anj^'here  between  trolley  and  ground  no  current 
will  flow  on  the  first  point.  Opens  are  most  likely  to  occur  in  the 
motors  and  these  may  l)e  tested  first.  However,  as  will  be  explained 
later,  one  o|>en  in  an  armature  will  not  stop  the  current.  To  test 
the  motors  open  the  breaker  and  put  the  controller  on  the  first  point 
multiple.  Then  flash  the  breaker  quickly.  Current  flowing  indi- 
cates that  one  or  the  other  of  the  motors  has  an  oj)en  circuit.  In 
the  series  position  tliis  open  prevented  the  flow  but  in  multiple  the 
current  flows  through  the  other  motor,  ^^^lich  one  is  at  fault  can 
l)e  quickly  determined  by  returning  the  controller  to  the  off  position 
and  cutting  out  one  or  the  other  of  the  motors  by  means  of  the  cut-out 
switch  and  then  trj-ing  for  current.  The  car  can  in  any  event  be 
run  on  the  remaining  motor.  On  returning  to  the  shop  the  open 
can  Ikj  determined  definitely  by  the  use  of  the  lamp  bank. 

But  should  no  current  flow  when  the  breaker  is  flashed  on  the 
Gth  point  it  is  reasonable  to  presume  that  the  motors  are  O.  K.  and 
that  the  open  is  elsewhere.  The  ground  for  such  a  supposition  is 
that  as  there  is  a  path  through  each  motor  normally,  there  would 
necessarily  be  an  open  in  each  one  to  stop  the  current.  It  is  hardly 
probal)le  that  such  a  coincidence  would  occur. 

After  failure  to  find  fault  with  the  motors,  doubt  as  to  the  resist- 
ance may  be  removed.  The  controller  should  be  placed  on  prt)gres- 
.sive  series-resistance  points  and  the  breaker  flashed  on  each  one.  If 
current  is  obtained  on  any  point,  the  open  is  in  the  resistance  or  the 
resistance  lead  just  l>ehind  the  one  lieing  used.  Special  care  should 
l)e  u.sed  to  flash  the  breaker  (juickly  for  otherwise  the  fuse  may  be 
blown. 

Tlie  tests  indicate*!  are  sufficient  for  the  motors,  controllers  and 
resistance  wiring.  If  no  current  is  obtained  on  either  of  them,  the 
trouble  is  evidently  caused  by  a  bad  rail  contact,  ground  wire  off  if 
l>oth  motors  are  grounde<l  through  the  same  wire,  an  open  in  the 
blow-out  coil,  at  the  lightning  arrester,  circuit  breaker  or  on  top  of 
the  car. 

None  of  the  tests  applied  l<x*ate  the  open  definitely,  but  this  can 
easily  l)e  clone  in  the  shop  or  wherever  a  lamp  bank  is  at  hand.  Con- 
nect one  tenninal  of  the  lamp  bank  to  the  trolley  just  l>ehind  the 
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circuit  breaker  and  the  controller  on  the  1st  point  series,  then  with 
the  other  tenninal  begin  at  ground  and  trace  backwards  up  the  circuit 
until  the  lamps  fail  to  light.  The  path  in  a  K  type  of  controller  is 
readily  traced  with  the  help  of  Fig.  22. 

SHORT-CIRCUIT  TESTS. 

The  location  of  short-circuits  is  much  more  tedious.  The 
blowing  of  the  fuse  or  opening  of  the  breaker  will  locate  them  as 
shown  Ijelow.  The  separate  tests  can  then  be  followed  until  loca- 
tion is  definite. 

These  tests  it  must  be  kept  in  mind  are  more  especially  adapted 
to  cases  on  the  road  or  where  no  facilities  for  testing  are  at  hand. 

Rather  than  blow  fuses  as  frequently  as  indicated  it  would  in 
most  cases  be  better  to  place  a  lamp  bank  across  the  open  circuit 
breaker  and  note  the  flow  of  the  current  by  the  lights. 

Fuse  Blows: 

I.    When  overhead  is  thrown  on  may  be  due  to: 

1.  Grounded  controller  blow-out  coil. 

2.  Grounded  trolley  wire  or  cable. 

3.  Grounded  lightning  arrester. 
II.     On  first  point: 

1.  Grounded  resistance  near  R  1. 

2.  Grounded  controller  cylinder. 

3.  Bridging  between  the  insulated  sections  of  cylinder. 

III.  Near  last  point  series: 

1 .  Grounded  resistance  near  R  3,  R  4  and  R  5. 

2.  No.  1  motor  grounded. 

IV.  Near  last  point  multiple: 

1.  No.  2  motor  grounded. 

2.  Bridging  between  lower  sections  of  cylinder. 

3.  Armature  defective. 

CASE  I. 

Fuse  Blows  when  overhead  is  thrown  on: 

1.  Grounde<l  controller  blow-out  coil. 

2.  Grounded  trolley  wire  or  cable. 

3.  Grounded  lightning  arrester. 

The  blowing  of  the  fuse  immediately  on  closing  the  overhead 
switch  or  cirtniit  breaker,  when  the  controller  is  on  the  off  position, 
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indicates  that  the  fault  exists  somewhere  l)etweeii  the  overhear!  and 
the  upper  or  trolley  finger  of  the  controller. 

Should  the  defect  occyr  during  a  tliunderstorm,  it  may  be  pre- 
sumed at  once  tliat  lightning  has  groun<ied  the  hlow-out  coil  of  the 
controller. 

CASE  II. 

Fuse  Blows  on  first  point: 

1.     Grounded  resistance  near  R  1. 
2.*    Oroundeil  controller  cylinder. 
3.     Bridging  Ixjtween  sections  of  cylinder. 
^^^^en  the  controller  is  on  the  first  point  all  of  the  wiring  of  the 
system  with  the  exception  of  the  ground  wire  for  No.  1  motor  is  con- 
necte<l  with  trolley.     But  a  tlefe<t  in  the  wiring  l>eyond  the  resistance 
iivill  not  show  itself  on  the  first  point  by  an  abnormal  rush  of  current 


Fig.  101. 


Fig.  102. 


because  the  resistance  of  the  rheostats  is  sufficient  to  prevent  any 
excessive  flow  of  current. 

The  resistance  and  leads  and  the  controller  cylinder  are  the  only 
parts  to  be  teste*  1  when  the  fuse  blows  on  the  1st  point. 

CASE  III. 

Fuse  Blows  on  3nl  or  4th  point: 

1.  Grounded  resistance  near  U  4  or  II  5. 

2.  No  1  motor  grounde*!. 

With  either  of  the  alxive  defects  the  car  will  most  probably 
refuse  to  move  as  the  current  is  le<l  to  ground  before  passing  tlirough 
tlie  motors. 
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Note-  Dotted  h'net  ^hoov 
•Skylights. 
Att  partitions  are  of  ^Itrlfiea  f//A 


Pig.  103.    Plan  of  Car  Shop. 
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No.  1  motor  may  lie  teste*!  by  cutting  it  out  of  service  by  means 
of  its  cut-out  switch.  If  this  removes  the  ground,  the  motor  is  at 
fault. 

CASE  IV. 

Fuse  Blows  near  la.st  point  multiple: 

1.  No.  2  motor  groundeii. 

2.  Either  armature  short-circuite<l. 

The  fact  that  the  fuse  did  not  blow  on  the  series  positions  exchides 
the  resistances  an<l  No.   1   motor  from  investigations  for  gniunds. 

Cut  out  both  motors.  If  the  ground  still  exi.sts  the  controller  is 
<lef€Ctive  If  not,  the  fault  may  be  located  in  either  one  of  the  motors 
by  cutting  out  first  one  and  then  the  other. 

ARJIATURE  TESTS  FOR  GROUNDS. 

With  a  lamp  bunk  at  hand  tests  for  grounded  armature  can  be 
made  as  follows: 

Throw  the  reverse  on  center.  Attach  one  terminal  of  the  lamp  hank 
to  the  trolley.  Put  the  other  terminal  on  the  commutator  of  the  armature 
to  he  tested.  No  current  shows  the  armature  <).  K.  If  current  flows 
remove  brushes  and  try  again,  to  be  certain  that  the  ground  is  not  in  the 
leads. 

FIELD  TESTS  FOR  GROUNDS. 

Disconnect  tield  leads  and  put  test  point  of  the  lamp  bank  on 

one  .side  of  the  terminals.     No  current  indicates  that  the  fields 

are  O.  K. 

REVERSED  FIELDS. 

Ii.  placing  new  fields  in  the  shell  it  often  happens  that  one  or 
more  are  wrongly  connected.  Reversed  fields  make  themselves 
known  by  excessive  sparking  at  the  brushes  in  each  case. 

In  Fig.  101  all  of  the  fields  are  connecteti  correctly.  The  flow 
of  magnetism  is  in  one  pole  and  out  of  the  a<ijacent  one.  Some  of 
the  magnetism  leaks  out  of  the  shell  and  affects  a  compass  held  near 
the  outside.  The  direction  taken  by  the  compass  nee<lle  in  the  dif- 
ferent positions  is  shown  The  needle  should  point  in  opposite 
directions  over  adjacent  coils  and  should  lie  parallel  to  the  shell  in 
positions  half  way  l)etween  two  coils. 

Figure  102  shows  the  flow  of  magnetism  when  one  field  is  re- 
versed. In  .such  a  case  the  compass  will  take  the  position  shown. 
The  field  marked  "X"  is  the  one  reversed. 

With  one  reversed  field  a  machine  will  usually  operate,  as  the 
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magnetism  in  three  of  the  poles  is  in  the  normal  direction.  But  an 
excessive  flow  of  current  that  has  no  effect  in  turning  the  armature 
will  take  place  on  that  side  of  the  armature  next  to  the  reversed  field. 

CAR  REPAIR  SHOPS. 

Every  electric  railway  system  has  a  repair  shop  in  which  the 
cars  are  overhauled.  Hardly  two  shops  are  built  alike.  In  those 
shops  where  only  a  few  cars  are  cared  for,  the  work  is  sometimes  all 
<lone  in  one  room.  The  shop  plan  shown  in  Fig.  103  was  presented 
to  the  American  Railway  Mechanical  and  Electrical  Association  by 
W.  D.  Wright.  It  contains  the  idea  upon  which  the  larger  shops 
are  now  being  constructetl,  having  a  transfer  table  between  the 
separate  departments  on  either  side.  In  the  general  design  of  shops 
the  blacksmith  shop,  machine  shop  and  truck  shop  or  equipping  shop 
should  be  close  together  as  a  great  deal  of  hea\'y  material  is  carried 
between  these  departments.  The  paint  shop  should  be  separated 
as  much  as  possible  from  the  other  departments  in  order  that  flying 
tlust  and  dirt  l)e  avoided.  The  wood  shop  may  occupy  a  position  at 
a  considerable  distance  from  the  other  departments  as  no  heavy 
material  is  carried  from  this  shop  to  them. 

The  tracks  of  the  motor  and  truck  repair  shop  are  usually  pro- 
vided with  pits  so  that  trucks  and  electrical  equipment  may  be  re- 
paired ahd  inspected  from  below.  The  tracks  in  shops  are  usually 
alx)ut  15  or  16  feet  between  centers.  This  gives  a  clearance  of  about 
6  or  8  feet  between  cars  when  adjacent  tracks  are  occupied. 

A  large  portion  of  the  work  done  in  the  average  shop  consists 
of  the  repairing  of  trucks  and  the  motors  mounted  on  them.  With 
the  smaller  car,  especially  those  with  single  trucks,  much  of  this 
work  is  done  from  the  pit  below  while  the  trucks  are  in  position  under 
the  cars.  In  this  case  the  armatures  are  either  removed  by  letting 
them  down  with  the  lower  half  of  the  motor  shell  by  means  of  a  pit 
jack,  or  the  lower  half  of  the  armature  shell  is  swung  down  by  the 
use  of  a  chain  and  block  placed  in  the  car  and  the  armature  rolletl 
out  on  a  board. 

The  trucks  of  double  truck  cars  are  usually  taken  out  frbm  under 
the  car  Ixxly  when  repairs  are  to  be  made.  In  this  case  the  motor 
Jemls,  the  sand  box  connections  and  the  brake  rigging  are  disconnected 
and  the  car  IkxIv  either  raise<l  or  the  trucks  lowered  from  it.     Several 
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methods  of  raising  tl»e  car  \xx\y  are  in  use.  Where  no  spec-ial  aj>- 
pHnitus  is  at  luiml,  this  is  done  by  means  of  jacks,  hydraulic  or  me- 
chanical, j)lacc<l  under  the  si<!c  sills  of  the  car  near  the  end  to  l)e 
ruise<l.  Souictiines  an  overheail  <Tane  is  ein|)loye<l  to  lift  the  car 
Innly.  A  special  apparattis  to  raise  the  bo<ly  is  employed  hy  the  St. 
Ix)uis  Transit  (\)mpany.  'ITiis  consists  f)f  four  screw  ja<'ks  l(K'ate<l 
l)elow  the  fliK)r  of  the  shop.  An  I -l)eani» extends  over  the  tops  of 
the  two  IfK'ated  on  the  same  side  of  the  car.  The  jacks  are  motor 
•Iriven  hy  means  of  one  spro<'ket  chain  so  that  they  rise  at  the  .same 
spetd.  When  a  car  is  to  Ik*  raise<l  it  is  run  on  the  track  l)etween  the 
jacl-s,  bars  are  place<i  under  the  car  resting  acro.ss  the  I-lieams  and 
the  jacks  raise  the  car  off  the  trucks.  The  trucks  are  then  rolled 
ou't  from  under  the  car  and  the  repairs  made. 

Sometimes,  as  has  been  state*!,  the  trucks  are  dropped  from  the 
car  Ixxly.  In  this  case  the  car  is  so  placed  that  the  truck  rests  on  an 
elevator  or  section  of  track  that  drops  to  the  floor  below.  After  the 
car  is  blocke<l  up  the  trucks  are  droppe<l  and  the  repairs  maxle.  This 
methml  is  also  used  in  changing  wheels  in  small  shops.  The  ol<l 
pair  of  wheels  is  dropped  by  a  hand-operated  drop  section  of  track. 
A  new  pair  is  then  elevated  into  position.  This  saves  jacking  up 
one  end  of  the  car. 
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In  no  other  line  of  electrical  activity  have  developments  during 
the  last  few  years  In'en  so  rapid  jus  in  that  of  electric  railway  work, 
and  fn>m  all  indications  the  limit  has  not  yet  Ixt'ii  reacluMl. 

Until  recent  years  all  eltHtric  traction  has  Ix'cn  de|K"ndent  upon 
direct  current  as  a  motive  power.  This  is  due  principally  to  the 
fact  that  the  series  direct-current  motor  is  admirably  adapte<l  for 
such  work,  and  no  alternating-current  motor  had  Ix^n  developed 
which  could  be  substituted  for  it.  One  of  the  great  advantages 
possessed  by  the  direct-current  series  motor  is  its  large  starting 
torque,  which  may  Ixj  several  times  greater  than  that  require*  1  to 
pn)|x*l  a  car  at  full  speed.  This  type  of  motor  is  also  essentially 
a  variable  spee<l  machine,  and  lends  itself  very  well  to  wide  varia- 
tions in  speed  contn)l;  conse<juently,  for  many  years,  in  this  coun- 
tr\'  at  least,  all  advance  was  made  along  direct-current  lines. 

The  trolley  voltage  used  at  first  was  from  4'>()  to  50()  volts, 
this  being  supplied  directly  to  the  cars  by  means  of  a  trolley  wire, 
the  rails  IxMug  u.se<I  for  the  return  circuit.  It  is  evident  from  the 
outset  that  the  comparatively  low  voltjige,  necessitating  as  it  di«l  a 
correspondingly  large  current  for  a  given  amount  of  power,  would 
place  a  definite  limitation  on  the  use  of  such  a  system  for  anything 
other  than  purely  local  distribution.  To  overcome  this  difficulty 
as  far  as  possible,  the  trolley  voltage  was  gradually  raisetl  to  (WO 
or  650.  This  of  course  decreased  the  retiuireil  current,  thus  increas- 
ing the  sco|)e  of  the  system  accordingly.  The  limit  of  increas4«  of 
direct-current  voltage  on  the  trolley  was  reached  at  alx)ut  this  |)oint, 
and  the  fact  was  recognized  that  .some  means  must  Ix'  devise<l  for 
iLsing  a  still  higher  voltage,  since  there  are  «lif!iculties  to  increas- 
ing the  tnilley  voltage  lx*yond  (100  or  700,  due  to  flashing  of  the 
motors,  which  seems  to  increase  directly  with  the  voltage. 

It  may  be  mentioned  in  passing  that  one  prominent  electric 
traction  expert  has  statetl  that  a  dirtx*t-<M!rrent  tn>llev  voltage  of 
1500  can  lx»  used,  but  it  n^mains  to  Ix;  proven  whether  or  not  he 
is  correct 
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A  very  satisfactory  solution  of  the  problem  for  large  city  street 
railway  systems  and  long  interurban  roads,  consists  in  the  use  of 
a  combination  alternating-current  direct-current  system  in  which 
three-phase  high  tension  alternating  current  is  generated  and  distrib- 
uted on  high  tension  lines  to  substations  along  the  road.  It  is  here  stepped 
down  by  means  of  transformers,  and  then  changed  to  direct  current 
by  rotary  converters,  and  supplied  to  the  trolley  wire  as  direct  cur- 
rent at  the  usual  voltage  of  say  600.  This  system  has  many  advan- 
tages, as  there  is  but  small  loss  in  the  high-tension  lines,  and  these 
lines  can  be  made  comparatively  small,  thus  effecting  a  consider- 
able saving  in  investment  for  copper. 

The  above  mentioned  system  of  distribution  is  very  generally 
used,  and  has  been  found  quite  satisfactory.  The  substations  can 
be  located  at  frequent  intervals,  and  the  distance  that  the  600-volt 
current  must  be  conducted  to  supply  the  cars  is  not  great.  By 
this  means  current  can  be  distributed  over  wide  areas  with  a  small 
loss,  where  it  would  be  impossible  to  use  the  straight  direct-current 
system  of  distribution. 

While,  as  stated,  this  furnishes  a  fairly  satisfactory  solution 
of  the  problem,  it  in  far  from  perfect,  as  it  necessitates  the  inter- 
vention of  the  rotary  converter  substation,  in  which  the  investment 
must  be  large;  and  moreover  the  cost  of  operation  is  high,  as  such 
a  station  requires  skilled  attendance  on  account  of  the  somewhat 
intricate  nature  of  the  rotary  converter.  The  ideal  system,  there- 
fore, is  one  which  does  away  altogether  with  the  use  of  direct  cur- 
rent, the  power  being  generated,  distributed,  and  utilized  by  the 
motors,  as  alternating  current. 

Three-phase  induction  motors  have  been  used  quite  extensively 
and  with  considerable  success  in  Europe  for  many  years  past.  The 
three-phase  motor,  however,  is  not  entirely  adapted  for  railway 
work,  since  it  possesses  the  characteristics  of  the  shunt  rather  than 
of  the  series  motor,  being  a  constant  speed,  not  a  variable  speed 
machine.  Moreover,  two  trolley  wires  are  necessary  instead  of 
one,  and  still  another  disadvantage  consists  in  the  low  power-factor 
of  the  three-phase  induction  motor  at  starting. 

The  recent  application  of  the  single-phase  alternating  current 
to  railway  work  has  opened  up  a  new  field,  which  bids  fair  to  sup- 
plant all  other  forms  of  distribution  to  a  great  extent*  at  least,  and 
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it  is  impossible  to  predict  at  the  present  time  just  what  its  Hmitations 
may  or  may  not  prove  to  Ije.  This  has  \>wn  made  jxjssible  by  the 
development  of  a  pradical  commercial  single-phase  motor,  which 
permits  of  the  use  of  alternating  current  on  the  trolley  wire  with 
all  its  advantages,  and  yet  sacrifices  few,  if  any,  of  tlie  advantages 
of  the  direct-current  series  motor  on  the  car. 

This  motor,  wiiich  is  the  latest  and  most  important  develop- 
ment in  the  electric  railway  field,  is  of  the  series  commutator  type, 


,  Compensating  Alternating-Current  Railway  Motor. 

and  does  not  differ  in  principle  from  its  direct-current  contem|M>rary. 
It  is  called  the  commutator  type  single-phase  motor,  and  is  the  one 
type  of  alternating-current  motor  which  has  the  same  desirable 
characteristics  for  railway  work  as  the  direct-current  series  motor. 
At  first  thought  it  may  seem  strange  that  a  motor  built  fun- 
damentally on  the  same  lines  as  a  direct-current  machine  wouUl 
operate  on  an  alternating  current,  as  it  might  appear  that  the  motor 
would  tend  to  turn  first  ih  one  direction  and  then  in  the  opposite 
direction  with  no  resultant  motion.  This,  however,  is  not  the  case, 
JKH-aust'  the  direction  of  rotation  of  a  motor  depends  U|x>n  the  rela- 
tive direction  of  its  field  and  armature  currents.  If  now  the  field 
were  maintained  in  a  constant  direction  and  the  armature  supplie<l 
with  alternating  current,  then  the  tendency  would  Ix;  to  rotate  first 
in  one  dirtvtion  and  then  in  the  other,  it  is  true,  but  as  a  matter  of 
fact  the  alteniating  current  is  supplied  to  the  field  in  series  with  the 
armature,  so  that  when  the  direction  of  current  in  the  armature 
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changes  it  also  reverses  m  the  field.  The  result  is  that  the  relative 
direction  of  current  in  the  field  and  armature  is  constant  and  the 
motor  has,  therefore,  a  tendency  to  turn  continuously  in  one  direc- 
tion as  long  as  the  alternating-current  power  is  supplied. 

This  Ixiing  true,  the  fjuestion  may  arise  as  to  why  the  single- 
pha-se  motor  was  not  brought  to  the  front  for  railway  work  long 
agr).  The  answer  is  that  there  were  certain  inherent  difficulties 
to  \)L  overcome,  and  the  development  of  the  single-phase  motor 
ha.s  l>een  simply  the  removal  of  these  difficulties,  rather  than  the 
ilesign  of  an  entirely  new  type  of  machine. 

The  most  serious  obstacle  to  overcome  is  the  sparking  at  the 
commutator,  due  to  the  fact  that  when  the  terminals  of  a  coil  are 
bridged  by  a  brush,  the  coil  acts  like  the  short  circuited  secondary 
of  a  transformer  of  which  the  field  winding  constitutes  the  primary. 
Also  there  is  an  iron  loss  due  to  the  alternating  magnetic  flux  through 
the  magnetic  circuit;  while  another  objectionable  feature  is  the 
counter  E.M.F.  induced  in  the  field  coils. 


Alternating- Current  Railway  Motor  Field. 


In  order  that  it  may  overcome  these  difficulties,  to  some  extent, 
at  least,  the  single-phase  motor  presents  certain  modifications  from 
the  direct-current  type,  in  that  it  has  more  field  poles,  and  the  entire 
uiagnetic  circuit  of  field  frame,  cores,  and  pole  pieces,  is  carefully 
lanjinatetl.  The  numljer  of  commutator  segments  is  also  increased, 
thus  reducing  the  number  of  armature  turns  per  coil,  and  there 
arr  siH-cial  features  intrfKluccfl  to  prevent  sparking,  such  as  com- 
IHMisatiiig   winilings   which   neutralize   the  efiect  of  armature  dis- 
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tortiop;  the  use  of  narrow  brushes;  a  type  of  armature  winding 
which  gives  a  low  reactance  |xt  coil;  the  use  of  high  resistance  lea<ls 
lx"tweeii  the  annature  coils  and  comniut^itor  segments,  etc. 

The  single-phase  motor  is  then  a  refined  and  highly  {)erfecte<l 
type  of  direct-<'urrent  motor,  and  this  explains  the  fact  that  it  will 
operate  on  cither  alternating-  or  direct-current  circuits.  In  fact 
some  claim  that  it  will  ojxTate  even  more  efficient.y  on  direct  cur- 
rent than  th"  regulation  direct-current  motor  itself. 

The  field  for  which  the 
single-phase  motor  seems  par- 
ticularly adapted  is  that  of  heavy 
service  and  interurhan  work, 
whcK"  it  has  many  distinct  ad- 
vantages, among  which  may  be 
mentioned  the  following: 

The  alternating  current  on 

the   trolley   allows  the  use  of  a 

high  voltiige  and  corresixjndinglv         „.    ,   „.^       . 
^  ^^  .    ^  ^  -'  SinKl^Phase  Annature.  Umnoimted. 

smaller    current,  which    reduces 

the  line  loss  and  permits  of  the  use  of  smaller  wire,  which  of  course 
means  a  saving  in  the  investment  for  copper.  Moreover,  tlie  difficulty 
of  collecting  a  large  current  from  the  trolley  wire  is  overcome,  llotarj' 
converter  sulistations  are  eliminated,  being  replaced  by  simple 
and  cheap  transformer  substations,  which  recjuire  no  attendance. 
The  capacity  can  Ix*  easily  increased  by  merely  increasing  the  num- 
ber of  these  transformer  substations. 

The  efficiency  of  speed  control  is  a  point  particularly  worthy 
of  mention.  In  direct-current  speed  control,  the  series-parallel 
methotl  Ls  use<l  almtxst  exclusively.  This  consists  of  putting  the 
motors  in  .series  for  low  speed  and  in  parallel  for  high  .speetl.  This 
jxTmits  of  two,  an<l  only  two,  economical  running  points;  the  one 
at  full  spetnl,  and  the  other  at  approximately  half  spee<l.  All  inter- 
mediate {X)ints  must  Ix;  obtained  by  the  insertion  of  dead  resistance 
in  which  the  voltage  is  simply  wasteil  as  heat,  thus  causing  a  large 
loss  particularly  at  starting. 

With  the  single-pluLse  motor  the  current  is  supplied  to  the  car 
with  a  voltage  of  say  3300.  It  is  then  steppe<l  down  by  means  of 
transformers  on  the  car  to  the  voltage  of  tlie  motors,  which  may 
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be  200  or  2i50  volts.  The  speed  is,  of  course,  dependent  up3n  the 
voltage  applied  to  the  motors,  and  this  voltage  Ls  cut  down  from 
the  maximum,  to  obtain  various  gradations,  by  means  of  an  induc- 
tion controller,  or  by  taps  from  an  auto-transformer.  Thus  the 
motor  takes  from  the  trolley  only  slightly  more  power  than  is  actually 
recjuired  to  operate  it  at  any  given  spee<l,  instead  of  taking  full 
voltage  from  the  line  and  absorbing  part  of  it  in  dead  resistance. 
The  effect  of  electrolysis  upon  neighboring  water  pipes  par- 
alleling an  electric  road,  which  is  the  cause  of  so  much  trouble  with 


Auto  Transformer, 

direct  current,  is  entirely  eliminated,  as  electrolysis  evidently  will 
not  take  place  with  alternating  current. 

In  connection  with  this  system  a  sliding  contact  device  or  bow 
trolley  has  in  many  cases  been  substituted  with  considerable  success 
for  the  ordinary  current  collecting  device,  or  trolley  wheel,  one 
advantage  of  this  being  that  the  car  can  be  run  in  either  direction 
without  reversing  the  contact  device.  Another  very  satisfactory 
form  of  trolley  is  of  the  pantograph  type  with  sliding  shoe,  shown 
on  the  New  York,  New  Haven  and  Hartford  locomotive. 

A  new  form  of  trolley  suspension  known  as  the  catenary  has 
been  developed  to  meet  the  demand  for  more  substantial  construc- 
tion necessitated  by  the  high  trolley  voltage.  This  consists  of  a 
stranded  galvanized  steel  messenger  or  supporting  cable,  from 
which  the  trolley  wire  is  suspended  at  intervals  of  about  10  feet, 
tlius  keeping  it  at  a  uniform  distance  above  the  track. 
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The  multiple-unit  system  of  control  can  Ik*  useil  in  connection 
with  single-phase  motors,  this  being  the  scheme  which  has  lieen  in 
use  for  a  long  time  on  elevated  and  other  roads  using  direct  current, 
whereby  several  cars  can  be  operated  in  a  train  from  a  single  point, 
each  car  iK'ing  ecjuipped  with  its  individual  motor  and  controUing 
apparatus.  The  entire  system  is  then  controlletl  as  one  unit  by  a 
single  motorman  stationed  usually  in  the  front  of  the  first  car.  This 
metho<I  of  control  has  l)ecome  of  such 
tremendous  importiince  that  any  sys- 
tem to  which  it  cannot  Ik>  applitnl 
would  1k^  seriously  handicapped.  Cars 
c<|uij)p«tl  with  singlc-phiisc  motors  can 
be  ojX'rattHl  on  cither  dircct-<-urrent  or 
alternating-current  lines,  with  high  or 
low  tension,  with  trolley  or  third  rail. 

It  must  not  be  supposed,  how- 
ever, that  with  all  the  al>ove  mentionetl 
a<l vantages,  the  single-phase  system  has 
no  disadvantages,  as  such  is  not  the 
case.  The  car  ecjuipment,  due  to  the 
transformers  and  the  nature  of  the 
motors,  is  considerably  heavier.  The 
motors  themselves  arc  more  expensive 
on  account  of  their  special  construc- 
tion. The  equipment  is  not  always 
adaptcil  for  operation  on  existing  lines. 
There  is  a  slight  increase<l  "apparent" 
resistance  of  the  trolley  line  and  a  con- 
siderable increased  "apparent"  resist- 
ance of  the  rails,  due  to  reactance 
cause*]  by  the  alternating  nature  of  the  current.  There  is  also  an 
active  electro-motive  force  l)etween  the  field  coils,  which  is  objection- 
able, and  there  is  a  poasibility  of  interference  with  neighlwring  tele- 
phone lines.  Furthermore,  there  is  slight  loss  in  power  in  the 
transformers  on  the  car,  while  the  power-factor  of  the  motors  Is  less 
than  unity. 

Summing  the  matter  up  as  a  whole,  however,  the  advantages 
aeem  to  overlwilance  the  disadvantages,  at  least  for  many  kinds  of 


Master  Controller  Usee!  in  Conneo 

tion    with    the    Multiple-Unit 

System    as   Applietl    to 

Siosle-I'base  Work. 
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work,  and  it  is  safe  to  predict  that  this  new  system  of  operation  will 
have  a  very  wide  and  increasing  application  in  the  near  future. 

As  to  the  operation  of  the  system  in  general,  the  current  may 
be  developed  by  single-phase,  two-phase,  or  three-phase  generators, 
and  supplie<l  to  the  transformer  substations  just  as  it  was  formerly 
supplied  to  the  rotarj'  converter  substations.  Only  a  single  phase 
is  use<l  on  any  section  of  the  trolley  line.  The  voltage  on  this  trans- 
mission line  will  depend  upon  the  existing  conditions,  and  can  l)e 
figured  out  like  any  other  problem  in  power  transmission. 

Three-pha.se  gt;nerators  would  ordinarily  be  used,  as  less  copper 
is  required  to  supply  a  given  amount  of  power.  The  common  fre- 
quency is  25  cycles  per  second.     At  the  transformer  stations,  the 


Tnick  <'onii)lete  with  Single-Phase  Motors  and  Contact  Shoes. 

voltage  is  then  stepped  down  to  that  required  on  the  trolley,  which 
may  l>e  2,000,  3,300,  G,600,  or  even  11,000  volts.  While  we  cannot 
speak  yet  of  a  standard  voltage^  8300  seems  to  be  finding  consider- 
able favor.  The  voltage  for  which  the  motors  are  wound  is  200 
or  2i)0,  the  General  Electric  motors  using  the  former  voltage,  and 
the  Westinghouse  the  latter.  When  operating  on  alternating  cur- 
rent the  motors  are  connected  in  parallel,  and  when  running  on 
direct  current  they  are  connected  in  series.  Motors  have  been 
constructed  from  50  to  225  horsepower,  and  there  is  no  apparent 
rea.son  why  larger  ones  could  not  be  made  to  operate  with  equal 
satisfaction. 

Among  the  roads  in  this  country  which  are  either  using,  or 
planning  to  use  single-pha.se  current,  may  be  mentioned  the  Ballston- 
Schenecta<ly  line,  which  was  one  of  the  first  systems  to  be  equipped 
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Hacmetic  Speed  ludicator. 


and  has  been  in  successful  ojM'nition  for  some  time.  This  road 
uses  the  alternatinp-ctirn'nt  motor  develope*!  hy  the  (leneral  Elec- 
tric Co.  The  motors  are  a<lapte<l  for  operation  f>n  the  2,()0(>-volt 
alternatingH'urrent  tn)lley  iK'twtHMi  cities,  and  on  the  standard  (*.()0- 

volt  direct  current  in  Schenwtady. 
They  are  wound  for  400  volts,  and  are 
o|HTatetl  in  series  on  the  ()(K)-volt  dini't 
current.  The  frequency  us«l  is  25 
cycles.  Current  is  supplied  hy  an 
ov('rh<»ad  tnilley,  no  fee<lers  iK'ing  u.se<l. 
A  sccon<l  road  of  im|X)rtancc  is 
one  in  (ieorgia  l)etween  Atlanta  and 
Marietta,  which  is  15  miles  in  length. 
This  uses  the  Westinghouse  tHjuipment. 
The  current  on  the  trolley  is  2,200  volts 
and  25  cycles.  It  is  tran.smitte<l  at  a 
voltage  of  22.000. 

Another  road  of  importance  is  the 
Indiana  and  Cincinnati  interurban 
line,  41  miles  in  length,  which  has 
l)een  in  o|x'ration  on.re;(ular  scheilule  since  July  1st,  lOft').  For  37 
miles  the  road  is  o|>enite<l  from  alternating  current,  and  for  4  miles, 
from  direct  current  Four  75-horse  jx)wer  motors  per  car  are  used, 
capable  of  a  maximum 
.spee<l  of  r>5  miles  |kt  hour. 
The  Hloomington,Pon- 
tiac  and  Joliet  Electric  Rail- 
way is  a  single-pha.se  road 
e<juipped  with  (Jeneral 
Electric  apparatus,  and  has 
maintained  a  regular  .sched- 
ule over  a  distance  of  more 
than  10  miles  since  March, 

The    plans     arc    now 
l>eing    laid    for    a    single- 
phase  roatl,  which  will  run  .south  from  Spokane,  Washington,  a  dis- 
tance of  150  miles.     The  current  on  the  tran.sraission  line  is  45,000 


Annature  Quill. 
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volts,  which  is  steppc<l  down  to  0,000  on  the  trolley.  The  car  will 
Ik>  capable  of  operating  on  current  from  a  6,G00-volt  alternating,  a 
700-volt  alternating,  or  a  575-volt  direct-current  supply. 

Perhaps  the  most  important  move  which  has  been  made  in  the 
direction  of  single-phase  traction  thus  far  is  the  decision  of  the  New 
York,  New  Haven,  and  Hartford  road  to  establish  a  long-distance 
passenger  traffic  on  the  single-phase  system.  According  to  the 
latest  plans  this  roa<l  will  operate  l)etween  the  Grand  Central  Depot 
and  Woodlawn,  N.  Y.,  over  the  terminal  tracks  of  the  New  York 
Central  road,  on  direct  current  taken  from  the  trolley.    From  Wood- 


A  Pair  of  Drivers  with  Single-Phase  Motor  Mounted  upon  QuilL 

lawn,  N.  Y.,  to  Stamford,  Conn.,  the  road  will  l>e  operated  on  the 
single-phase  system. 

The  equipment  is  being  supplied  by  the  Westinghouse  Co.  The 
current  is  generated  by  revolving-field  type  turbine-driven  alter- 
nators. The  armatures  are  designed  for  either  three-phase  or  single- 
phase  connection.  The  current  is  generated  at  25  cycles  and  11,000 
volts,  being  delivered  directly  to  the  trolley,  and  thence  to  the  cars, 
without  the  intervention  of  any  transformers.  The  double  catenary 
suspension  from  messenger  wires  is  used  to  support  the  trolley. 
The  locomotives  are  each  equipped  with  four  200-H.  P.  gearless 
motors,  designed  to  operate  on  235-volt  alternating  current  and 
275-  to  300-volt  direct  current. 
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The  armature  is  not  mounted  on  the  shaft  direct,  but  is  built 
upon  a  quill  through  which  the  axle  passes  with  about  f-inch  clear- 
ance all  around.  There  is  a  flange  at  each  end  of  the  tjuill  frt>m 
which  seven  pins  project  and  fit  into  the  hubs  of  the  driving  wheels. 
On  the  direc't-current  part  of  the  line,  curn'nt  is  tlelivered  to  the  car 
through  eight  collec'ting  shoes  from  a  third  rail.  On  the  alternating- 
current  section,  current  is  delivered  through  two  pantograph  bow 
trolleys.  On  the  direct-current  section  the  series-parallel  method 
of  speed  control  is  use<l,  current  being  fe<l  directly  to  the  motors 
which  are  connected  two  in  series  permanently  and  the  series-parallel 
control  is  applied  to  the  motors  in  groups  of  two.  The  alternating- 
current  speed  control  is  accomplished  by  sLx  taps  from  an  auto- 
transformer  for  the  corresponding  running  points.     The  cars  weigh 


'  / 
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78  tons  and  are  capable  of  a  speed  of  60  to  65  miles  per  hour.  The 
electro-pneumatic  unit-switch  type  of  control  is  used.  At  each  end 
of  the  cab  is  a  master  controller  from  which  the  main  controller  is 
operated.  Several  locomotives  can  be  operated  together  on  tlie 
multiple-unit  system,  if  desired. 

The  Washington,  Baltimore  and  Indiana  single-phase  road  is 
the  latest  in  tlie  field,  contracts  having  been  placed  very  recentlv. 
The  current  will  be  transmitted  at  33,000  volts  and  25  cycles,  then 
being  stepped  down  to  6,600  volts  on  the  trolley.  The  road  will  be 
60  miles  long  and  will  be  ecjuipped  with  General  Electric  apparatus. 
Four  125-H.  P.  motors  capable  of  operating  on  either  alternating 
current  or  direct  current  will  be  used,  and  the  cars  will  be  capable 
of  a  speed  of  60  miles  per  hour. 
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TYPES  OF  DYNAMO-ELECTRIC 
MACHINERY 

DIKECT-CURUKNT 
INTRODUCTION 

Dvnaino-electric  machinery  is  the  generic  name  given  to  the 
class  of  machines  that  employ  relative  motion  l)etween  an  electric 
conductor  and  a  magnetic  field  for  the  purpose  of  converting  mechan- 
ical power  into  electrical  power,  or  the  reverse. 

'riie  various  types  fall  naturally  under  the  two  main  divisions 
of  alternating-current  and  direct-current  machines.  Reserving  the 
consideration  of  alternating-current  machines  for  a  later  chapter 
and  confining  our  attention  for  the  present  to  the  direct-current  ones, 
we  find  that  these  hitter  cun  l)e  further  sulxlivideil  into  generators, 
motors,  dynamotors,  motor-generators,  and  boosters. 

Agreeing  with  the  Standardization  Rules  of  the  American 
Institute  of  Electrical  Flngineers,  the  following  definitions  apply 
to  these  five  sulxli visions  of  direct-current  machines: 

1.  A  generator  transforms  mechanical  power  into  electrical 
power.  Origiiuilly  the  name  dviiamo-electric  machine  was  use<l  to 
designate  an  electric  generator.  On  account  of  its  length,  this  term 
was  soon  shortened  to  that  of  dynamo.  Recently  the  name  gener- 
ator has  supplanted  that  of  dynamo,  it  being  consideretl  preferable 
on  account  of  its  rather  self-evident  meaning. 

2.  A  motor  transfonus  electrical  into  mechanical  power. 

3.  A  dynamator  is  a  transforming  device  combining  Iwth  motor 
and  generator  action  in  one  magnetic  field,  with  an  armature  having 
two  separate  windings  and  independent  comnuitators. 

4.  A  moior-generatitr  is  a  transforming  device  consisting  of  a 
motor  mechanically  connected  to  one  or  more  generators. 

5.  A  booster  is  a  machine  inserted  in  series  in  a  circuit  to  change 
its  voltage.  It  may  Ik*  driven  by  an  electric  motor  (in  which  ca.se 
it  is  terme<l  a  motor-booster)  or  otherwise. 

Copyright.  1909,  by  Amtrieam  SeKoot  of  Corrt*pomd»me». 
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4  TYPES  OF  DYNAMO-ELECTRIC  MACHINERY 

In  order  to  present  the  various  modern  direct-current  types  in 
some  logical  sequence,  the  preceding  classification  will  be  followed 


I-Ik-  3.     Kadne  Automatic  Engine  and  Nortliern  Electric  Generator. 

in  this  chapter.  The  various  types  will  be  taken  up  under  their 
pro|>er  sulMJivisions  and  any  special  construction,  advantage,  etc., 
will  be  pointe<l  out.     The  machines  described  will  be  selected  as 
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illustrating  the  lie.st  standard  practice  or  for  some  distinctive  feature, 
hut  it  must  l)e  renienil)ered  that  this  treatment  cannot  pretend  to  do 
more  than  introduce  the  reader  to  the  subject. 

GENERATORS 

The  methods  of  driving  generators  in  this  country  to-<lay  are: 
by  direct  connection  to  the  prime  mover;  by  means  of  belting  (in- 
cluding rope-driving,  which  is  rather  exceptional),  and  by  means 
of  gearing. 

Direct-Connected  Generators.  Direct-connected  or  direct- 
driven  generators  are  manufactured  in  c*ombi nation  with  steam 
engines,  gas  engines,  water  wheels,  and  steam  turbines;  the  generator 
l)eing  in  any  particular  case  of  the  direct-  or  of  the  alternating- 
current  type  as  desired. 

A  direct  steam-  or  gas-engine  driven  generator  may  be  arranged 
in  one  of  three  different  ways.  First.  It  may  have  its  revolving 
part  carried  by  the  engine  shaft  proper  and  is  usually  then  denoted 
as  an  etiffine-type  generator.  Such  a  generator,  as  shown  in  Fig.  1, 
has  no  shaft  and  no  bearings  of  its  own,  both  shaft  and  l^earings 
being  provided  by  the  engine  maker.  Second.  The  engine  shaft 
may  Ije  extemled  out  to  one  side  of  the  engine,  which  extension  then 
carries  the  revolving  part  of  the  generator,  as  shown  in  Fig.  2.  '^There 
is  then  provided  in  this  arrangement  an  extra  Ijearing,  usually  called 
an  outboard  hearing.  Third.  Both  engine  and  generator  may  lie 
complete  in  themselves  and  their  shafts  be  directly  coupled  together 
by  a  suitable  coupling  either  rigid  or  flexible.  This  arrangement 
is  illustrated  in  Fig.  3.  In  all  cases  a  fly  wheel  is  provided,  increas- 
ing the  inertia  of  the  rotating  parts  and  thus  increasing  the  uniformity 
of  rotation. 

A  direct  water-wheel  driven  generator  may  be  arranged  with  a 
vertical  or  with  a  horizontal  shaft.  Those  with  a  vertical  shaft 
are  most  usually  of  the  alternating-current  type,  ranging  in  size 
from  about  100  up  to  5,000  kilowatts  in  capacity,  although  they  are 
sometimes  direct-current  generators,  as  shown  in  Fig.  4.  When 
the  revolving  part  of  the  generator  is  mounted  directly  upon  the 
vertical  shaft  of  a  turbine,  some  form  of  thrust  or  step  l)earing  l)e- 
coines  neces««iry  to  support  the  combined  weight  of  the  revolving 
generator  and  ttirbine  parts.     The  pressure  on  the  l>earings  is  de- 
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Fig.  4.     Generators  Connected  Direct  on  Top  of  Turbine  Shaft. 
Trump  Mfg.  Co. 
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creased  in  some  instances  by  balancing  all  or  a  part  of  the  weight, 
either  by  the  upward  pressure  of  the  water  in  the  turbine  or  by  the 
magnetic  pull  between  the  field  and  the  armature  of  the  generator. 
Fig.  5  shows  the  arrangement  of  horizontal  shaft  turbines  direcdy 
connected  to  a  direct-current  generator,  and  Fig.  6  shows  a  direct- 
current  generator  driven  by  a  turbine  of  the  impulse  type.  Direct- 
current  generators  direct  driven  by  water  wheels  are  in  most  cases 
railway  generators. 

Direct  steam- 
turbine  driven  gen- 
erators are  also 
manufactured  with 
vertical  or  horizon- 
tal shafts.  An 
example  of  the  ver- 
tical type  is  the 
Curtis  steam  turbine 
unit  manufactured 
by   the    General 


Fig.  6. 


Generator  Driven  by  Small  Water  Turbine. 
Crocker-Wheeler  Co. 


Electric  Company  and  shown  in  Fig.  7. 
The  generator  of  this  type  of  unit  is, 
however,  as  manufactured  at  present, 
always  a  three-  phase  alternator. 
Illustrations  of  horizontal-shaft  steam- 
turbine  units  are  given  in  Figs.  8  and  9. 
Belted  Generators.  ,  Generators 
that  are  not  direct  connected  to  their 
prime  movers  are  most  usually  driven 
by  belt,  or  in  rather  special  cases, 
by  some  form  of  rope  drive.  Belt- 
driven  generators  up  to  150-K.  W. 
capacity,  usually  carry  a  metal,  wood- 
en, or  paper  pulley,  that  merely  overhangs  the  main  bearings. 
If  the  generator  is  larger,  or  from  150-  to  500-K.  W.  capacity,  a 
third  bearing  is  provided  to  relieve  the  bending  strain  occasioned  by 
the  lielt  pull.  The  prime  movers  used  in  connection  with  belted 
generators  are  generally  only  steam  engines,  gas  engines,  and  water 
wheels.     In  the  smaller  sizes  in  isolated  plants,  however,  are  found 


Fig.  7. 


Curtis  Steam  Turbine 
Generator  Unit. 
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various  internal  combustion  engines.  The  steam  turbine,  however,  is 
never  lielted  to  a  generator,  since  in  tlie  smaller  powers  it  rotates  at 
very  high  speetl,  rendering  the  use  of  Inciting  impracticable. 


Geared  Generators.  Gearing  is  only  used  for  driving  generators 
in  the  following  cases:  First.  Vertical-shaft  water  wheels  and 
horizontal-shaft  generators  are  often  connected  in  case  of  low  heads 
by  means  of  bevel  gearing,  the  generator  shaft  revolving  at  a  higher 
speed  than  the  turbine.     Second.     In  smaller  sizes,  steam  turbines 


374 


TYPES  OF  DY.VAMO-ELECl^Rir  MACHINERY  11 

and  generators  are  connected  by  means  of  gearing,  the  generator 
shaft  revolving  at  a  lower  speetl  than  the  steam-turbine  shaft.  An 
example  of  this  methotl  of  connection  is  given  in  Fig,  10,  altliough 
this  method  of  driving  twin  generators  is  no  longer  used  by  the  De- 
T^aval  Company.  Third.  Direct-current  generators  used  as  exciters 
for  large  direct-connected  alternators  are  sometimes  geared  to  the 
shaft  of  the  main  prime  mover. 

Capacities^ Speeds,  Number  of  Poles.  Direct-current  generators 
are  manufactured  in  standard  sizes,  varying  in  capacity  from  a 
fraction  of  a  kilowatt  to  2,700  kilowatts.  Sizes  above  200  K.  W. 
are  nearly  always  direct  driven,  although  belted  generators  are  found 
up  to  500  K.  W.  Below  200  K.  W  either  method  is  employed, 
tlepending  upon  the  special  conditions  of  the  case. 

The  speeds  at  which  direct-current  generators  are  driven,  vary 
from  70  or  75  revolutions  per  minute  in  the  largest  sizes  of  engine 
type,  up  to  2,000  in  the  belted  and  3,000  in  the  steam-turbine  driven 
ty|)es.  In  general,  the  greater  the  kilowatt  capacity  the  lower  the 
speed;  although  even  this  general  rule  does  not  hold  in  comparing 
tlitferent  lines.  Belted  generators  are  very  seldom  nm  below  300 
to  400  revolutions  per  minute,  while  325  is  a  rather  high  speed  for  a 
direct-driven  generator  if  we  except  the  generating  sets  and  marine 
sets  run  by  vertical  engines.  These  latter,  in  the  very  smallest  sizes, 
reach  a  speetl  of  850  revolutions  per  minute. 

Modern  direct-current  generators  are  always  multipolar  as  soon 
as  their  capacity  is  above  5  or  even  3  kilowatts,  the  number  of  poles 
increasing  with  the  size  of  the  generator.  Belted  generators  usually 
have  4,  6,  or  8,  and  occasionally  10  poles.  Direct-driven  generators, 
since  the  speed  is  fixed  by  the  prime  mover,  are  designed  to  meet 
these  conditions.  Such  machines  have  seldom  less  than  6  poles 
and  in  the  larger  sizes  as  many  as  they  have  24  to  36. 

Selection  of  Types.  At  the  present  time  (1909),  the  best  modern 
practice  employs  direct-driven  generators  whenever  possible,  and 
only  the  smaller  units  are  ever  belt  driven,  since  even  the  best  system 
of  belting  is  unsatisfactory  for  transmitting  large  amounts  of  power. 
Direct  driving  nec*essitates,  in  general,  a  larger,  heavier,  and,  there- 
fore, more  expensive  generator  for  the  same  capacity;  but  the  com- 
pactness, simplicity,  positive  action,  and  general  advantages  of 
direct  driving  are  so  great  that  in  most  cases  they  warrant  the  in- 
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rreascnl  cast.  An  inip<^)rtant  advantage  possessed  by  the  direct- 
connected  ^Mierator  is  the  sniuU  floor  space  required.  In  some 
instances  this  allows  a  saving  in  the  cost  of  the  building  and  in  the 
real  estate  and  thus  more  than  counterbalances  the  increased  cast 
of  the  generating  unit.  In  belt  driving,  the  distance  between  the 
centers  of  the  engine  and  generator  shaft  should  \ye  at  least  three 
times  the  diameter  of  the  engine  pulley  to  insure  satisfactory  work- 
ing of  the  l)elt.  In  some  cases,  however,  the  l)elt-<lriven  generator 
may  Ik?  preferable;  particularly  in  the  smaller  sizes,  where  only  the 
cost  of  the  units  are  to  lie  considered,  or  on  account  of  the  ease  with 
which  it  can  be  adjusted  to  engines  already  in  use. 

Classification.  Direct-current  generators,  according  to  their 
electrical  design,  may  be  dividetl  into  two  main  classes:  those 
giving  constant  current,  feeding  series  circuits;  and  those  maintain- 
ing constant  voltage,  feeding  parallel  circuits. 

Constant-current  generators  are  still  found  supplying  current  to 
series,  street,  arc-lighting  circuits,  and  in  the  t^'pes  used  at  presejit 
deliver  approximately  from  5  to  10  amperes,  their  voltage  being 
variable,  depending  upon  that  needetl  by  the  circuit  they  are  supply- 
ing. The  manufacture  of  these  series  generators  has  Ijeen  prac- 
tically discontinued.  New  installations  of  street  lighting  employ 
alternating  current  or  else  direct  current  obtained  by  means  of  mer 
cury  arc  rectifiers.  The  series  machines  still  in  use  are  of  the  Bnish, 
Thomson-Houston,  and  Wootl  types.  Of  these,  the  Brush  and 
Thomson-Houston  have  open-coil  armatures  and  the  Wood  has  a 
closed-coil  armature.  As  these  machines  are  rapidly  becoming 
obsolete,  no  further  descriptions  will  be  given  of  them. 

Constant-voltage  generators  may  be  further  subdivided  into  those 
giving  5  to  12  volts,  those  giving  about  125  volts,  those  giving  about 
2.50  volts,  and  those  giving  .500  to  600  volts.  Generators  designetl  to 
give  from  .5  to  12  volts  are  employed  for  electroplating  and  electro- 
chemical purposes.  WTiere  sufficient  number  of  vats  can  be  con- 
nected in  series,  however,  regular  standard  125-volt  machines  are 
preferably  employe<l.  12.5-volt  generators  are  used  for  indoor  arc 
and  incandescent  lighting,  for  the  running  of  smaller  motors,  and  in 
connection  with  the  three-wire  system.  250-volt  machines  are  used 
principally  for  power  purpases,  and  with  auxiliary  devices  can  supply 
a  three-wire  system.     500-  to  600-volt  machines  are  employed  as 
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^nerators  for  power  and  railway  circuits.  These  machines,  although 
<lenote<l  as  consUint  voltage,  are  generally  designed  so  that  by  means 
of  their  compound  winding  they  overcompound,  usually  5  or  10 
per  cent;  that  is,  at  full  load  their  voltage  is  5  or  10  per  cent  higher 
than  at  no  load. 

The  uses  to  which  direct-current  generators  are  put,  we  find, 
therefore,  to  be  in  connection  with  series  arc  lighting,  constant- 
potential   lighting,   power,   railway,   and   electrochemical   purposes. 

Descriptions  of  Types.  Allis-Chalmers  Company.  This  company 
has  absorbed  the  Bullock  Electric  Mfg.  Co.  and  continues  to  use 


.W  BULlCCK  RaIL^AV  C'SMi-ATOR 


Fig.  11.     800-K.  W.  Bullock  Generator. 

the  old  name  on  some  of  their  electrical  apparatus.  Their  engine- 
type  generators  are  designed  for  general  lighting  and  power  .service, 
and  are  builf  for  standard  full-load  pressures  of  120,  240,  and  525 
volts.  They  are  compound  wound,  giving  variation  in  voltage  from 
no  load  to  full  load;  the  no-load  voltages  being  115,  230,  and  500 
respectively.  These  machines  are  made  in  a  great  variety  of  capaci- 
ties and  speeds,  ranging  from  12  to  1,000  K.  W.  and  run  at  speeds 
from  70  to  470  revolutions  per  minute.  Fig.  11  shows  an  800-K.  W. 
generator  of  this  type,  direct  connected  to  a  cross-compound  Corliss 
engine.  The  cast-iron  field  frame  is  of  circular  form  and  has  an 
elliptical  cross-section.    The  two  parts  of  the  yoke,  divided  hori- 
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zon tally,  are  bolted  together  by  cap  screws  having  their  heads  set 
in  pockets  covered  by  suitable  plates.  The  pole  pieces  are  generally 
made  of  steel  punch ings  riveted  together.  The  poles  are  bolted  to 
the  inside  surface  of  the  yoke.  By  hoUiing  the  poles  in  place  with 
screws,  accurate  spacing  can  be  obtained,  and  by  removal  of  one  or 
more  poles,  field  coils  can  l)e  changed,  or  minor  armature  repairs 
made  without  dismantling  the  whole  machine.  Fig.  12  shows  a 
portion  of  the  field  of  a  500-K.  W.  generator,  with  the  shunt  and 
series  windings  in  place.     The  armature  core  is  dovetailed  to  a  mas- 


FiR.  12.     Portion  of  Field  500-K.  W.  Bullork  QeneraUM*. 

sive  cast-iron  spider,  shown  in  Fig.  1)}.  Tiie  core  proj)er  is  built  up 
of  thin  sheet  steel  laminations  of  high  magnetic  permeability  and 
contains  ample  radial  ventilating  ducts  The  armature  coils  are 
made  of  rolled  copper  strips,  .so  .shaped  as  to  be  interchangeable. 
Each  conductor  is  insulated  with  linen  tape,  then  the  conductors 
that  are  to  be  placed  in  the  same  slot  are  grouped  together  and  the 
slot  insulation  wrapped  around  them  as  a  whole.  Tills  group  of 
conductors  is  then  placed  in  a  steam-heated  screw  press  and  there 
pressed  into  shape  to  fit  the  armature  slot,  the  high  temperature 
removing  all  the  moisture.  The  coils  are  held  in  position  in  the 
armature  .slots  by  hartlwotKl  wetlges  fitted  into  grooves  at  the  top 
of  the  slots.     No  band  wires  are  used  under  the  poles,  but  a  steel 
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wire  band  at  each  end  of  the  armature  serves  to  keep  the  ends  of  the 
coils  in  place.  Fig.  14  shows  an  armature  core  and  commutator, 
with  temporary  shaft,  before  the  windings  are  put  on.  This  type 
of  armature,  with  conductors  placed  in  deep  slots,  and  riot  wound 
on  the  armature  surface,  is  known  as  an  ironclad  armature,  and  is 
the  standanl  form  adopted  by  all  manufacturers  to-day.     Fig.  15 


Fig.  13.     Spider  for  Bullock  Armature. 

shows  a  smaller  generator  of  this  type.  This  view  shows  the  brush- 
holder  mechanism,  carried  on  the  large  ring  supported  from  the 
yoke  by  three  small  wheels.  The  position  of  the  bmshes  is  ad- 
justed by  turning  the  hand  wheel. 

The  BullcK-k  belted  generators  manufactured  by  this  company 
are  intended  to  fulfill  every  requirement  but  the  smallest  capacities. 
The  materials,  methods,  and  processes  employed  in  their  manu- 
facture are  the  .same  as  for  their  engine  types.  Fig.  16  illustrates 
this  line  of  machines,  the  large  sizes  having  a  third  or  outboard  bear- 
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ing,  as  shown  in  Fig.  17.  For  the  smaller  belted  sizes  tliis  company 
uses  its  type  K  machines,  lliese  latter  are  identical  with  their 
motors,  merely  having  a  series  field  winding  adde<l,  and  will  be  de- 
scribed in  detail  later. 


FIk.  14.     Hiill(M-k  Armature  Core  and  (^ommuiator  with  Temporar>'  Shaft. 

Gannxxl  Electric  Compunij.  This  conijMiny  manufactures  the 
C  &  ('  generators  and  nifitors.  An  illustration  of  their  r>-|K)le  engine- 
type  generator  Is  given  in  Fig.  IS.  These  machines  are  nuidc  in 
standanl  sizes  from  25  to  20()  K.  W.,  nmning  at  speeds  from  325  to 
2(M)  II.  P.  M.  The  smallest  size  has  4  poles,  the  largest  three  have 
8  |K>les,  ancl  the  others,  0  jk)Ics.  The  field  magnet  yoke  of  soft  steel 
b  cast  in  two  semi-<'ircular  halves  and  lK)lte<l  together.  'Hie  pole 
pieces  and  their  shoes  are  solid  steel  castings  Inilted  to  field  yoke  or 
ring.    The  armature  spider  is  of  sul>stantial  construction  with  its 
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hub  extended  into  a  long  sleeve  that  also  carries  the  commutator. 
The  armature  core,  built  up  of  thin,  soft-steel  stampings,  is  keyed 
and  bolted  to  the  spider.  The  core  is  slotted  to  receive  the  armature 
windings  and  is  well  ventilated  by  air  ducts  running  parallel  with 
and  at  right  angles  to  the  shaft.  The  commutator  is  made  of  rolled 
copper  bars  and  is  of  ample  size,  giving  good  wearing  qualities. 
Fig.  19  shows  a  C  &  C  beh-<lriveii  generator  with  overhanging  pulley. 


FiK.  15      Small  Type  /  Bullock  Generator  (without  shaft). 

This  line  of  machines  is  made  in  standard  sizes  from  25  to  300  K.  W., 
running  at  speeds  from  650  to  200  11.  P.  M.  Three-bearing  generators 
are  furnished  in  capacities  from  125  to  300  K.  Vs.,  while  the  largest 
two-bearing  machine  is  225  K.  W.  In  their  general  construction 
this  line  resembles  the  engine-type  machines  of  this  company.  An- 
other line  of  belt-driven  machines  is  illustrated  in  Fig.  20.  These 
machines,  designated  type  SL,  are  all  of  the  four-pole  type;  capacities, 
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one  and  a  quarter  to  35  K.  W.;  speeds  1,780  to  740.  The  magnet 
frame  or  yoke,  llie  four  |K)le.s,  and  the  supporting  feet  are  cast  of  the 
l)est  soft  steel  in  one  piece.     The  prcjtecting  rings,  which  protect  the 


field  coils  and  supf>ort  the  bnish  rigging,  are  cast  integrally  with  the 
iH'aring  brackets.  This  piece  is  of  cast  imn  and  is  attached  to  the 
magnet  frame  by  dowel  pins  and  cap  screws.  The  field  coils  are 
carefully  wound  on  easily  removable  sheet-iron  bobbins.  All  C  &  C 
machines  employ  special  brush  holders  of  the  reaction  t\'pe,  carry- 
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Fig.  17.     Bullock  Belt-Driven  Generator. 


Fig.  18.     C  &  C  Engine-Type  Generator. 
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Fig.  1».    C  &  C  Belt'Driven  (Senerator. 


Fig.  ao.    C  it  V  T>-pe  8  L  Ikslied  Ucoantor. 
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ing  carbon  brushes  inclined  at  a  slight  angle  from  the  radial  line 
and  also  use  bearings  of  the  self-oiling,  self-aligning  type,  in  which 
brass  rings  in  the  oil  wells  carry  the  oil  to  the  shaft.  The  generating 
sets  put  upon  the  market  by  this  company  vary  in  capacities  from 
one  and  a  half  to  100  K.  W.  and  are  selected  sizes  of  the  preceding 


Fi^;.  21.     Crocker- Wheeler  Engine-Type  Generator. 

lines  directly  coupled  to  vertical  high-speed  engines  of  various  other 
manufacturers. 

Crocker-Wheeler  Company.  The  line  of  engine  type  generators 
built  by  this  company  is  in  sizes  from  200  to  1,200  K.  W.,  running  at 
various  speeds  from  225  to  85  R.  P.  M.,  and  having  from  8  to  24  poles. 
For  direct  connection  they  also  build  a  number  of  4-  and  6-pole  ma- 
chines in  sizes  from  25  to  150  K.  W.  whose  speeds  range  from  325  to 
200.  One  of  the  larger  sizes  is  shown  in  Fig.  21,  In  these  generators 
the  magnet  frame  is  of  cast  iron,  stiffened  by  internally  projecting 
flanges.  The  frame  is  split  horizontally,  the  two  halves  being  accur- 
ately fitted  and  bolted  together.  The  lower  half  of  the  frame  is  pro- 
vided with  feet  that  are  bolted  down  to  the  supporting  base  and  are 
supplied  with  leveling  screws  for  accurately  adjusting  the  position  of 
the  magnet  frame.  The  poles  are  of  steel,  cast  welded  into  the  frame, 
thus  securing  a  perfect  magnetic  joint.  This  is  accomplished  by 
constructing  the  poles  first  and  placing  them  in  position  in  the  mould 
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in  which  Uie  magnet  frame  is  to  be  ca.st.  In  ca^sting  the  magnet 
frame,  the  niohen  metal  flows  around  the  ends  of  the  magnet  |H)les 
so  that,  on  et)oling,  one  solid  mass  results.  If  the  cast-welde<l  joint 
is  perfectly  made,  it  certainly  results  in  a  better  magnetic  circuit 
than  by  the  methotl  of  lx)lting.  Each  pole  is  fitted  with  a  cast-in>n 
removable  shoe  that  prtxluces  the  desired  flux  distribution  and  also 
holds  the  fielil  coils  in  pusition.  The  air-gap  or  clearance  between 
the  armature  and  the  pole  pieces  is  relatively  large.  This  is  a  good 
feature,  as  it  tends  to  re<luce  the  bad  effects  occasioned  by  the  arma- 
ture l)eing  slightly  out  of  center.  The  field  coils  on  each  pole  are 
divide<l  into  sections  separatetl  from  each  otlier  and  from  the  pole  by 
spac-ers,  so  as  to  provide  increased  ventilation.  The  armature  spider, 
l)esides  supporting  the  sheet  steel,  toothed  laminations  of  the  core, 
also  carries  the  connnutator  spider.     The  armature  conductors  con- 


Fig.  22.    C-W  Parallel  Mo%emeat  Brush  Holder. 

.sist  of  flat  or  round  copper  wire,  without  joints  of  any  kind.  The 
cast-iron  rocker  ring,  carrying  the  brush  rigging,  is  rigidly  supporte<l 
from  the  magnet  frame.  All  C-W  machines  employ  parallel  move- 
ment bnish  holders,  illustrated  in  Fig.  22.  This  company  also 
manufactures  a  line  of  5r>0-volt  engine  tj-pe,  railway  generators, 
embodying  tlie  preceding  features,  in  sizes  from  125  to  1,000  K.  W., 
with  8  to  16  poles  and  running  at  275  to  80  R.  P.  M.    Their  belted 
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Pig.  23.    Crocker- Wheeler  Form  D  Generator. 


Fig."  24.    Crocker- Wheeler  Form  /  Generator. 
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generators  are  huilt  in  two  separate  Hues,  their  form  D  and  their 
form  /  machines.  Form  I)  ^Mierators  are  huilt  on  the  same  general 
lines  as  their  enpnf-tvjK'  generators  hut  for  higher  sf)ee<is.  They 
ninge  in  output  from  45  to  225  K.  W.  ami  in  speeil  from  420  to  0(K> 
H.  P.  M.  Fig.  23  illustrates  this  line  of  machines.  The  base  is 
hollow  and  has  the  l^'aring  ()edestals  cast  solid  with  it.  Tlie  l)earings 
have  rigid  joufnal  lx).xes,  giving  stronger  support  to  the  shaft  than 
self-aligning  lx).xes,  the  latter  l)eing  considerecl  unrlesirahle  when 
the  {KMlestals  are  rigi«l  on  the  hase.  Tlieir  form  /  nuichines,  shown 
in  Fig.  24,  give  them  the  smaller  siz«s,  from  4\  to  40  K.  W .,  mnging 


Fig.  35.     DeLaval  Steam  Turbine  Dynamo  30  U   P..  30  K.  W..  D.  C. 

in  speed  from  l,ooO  to  825  R.  P.  M.  These  machines  are  multi|M)lar 
and  have  a  round  frame  of  which  the  feet  form  a  part.  The  l)earings 
are  supporte<l  by  four-arm  castings  attache<l  to  the  yoke.  The 
armature  coils  are  of  heavily  insulated  wire  and  form  wound.  -After 
l)eing  taped  and  dipped  in  an  in.sulating  varnish  they  are  l>aked. 
'Iliese  machines,  when  direct  connected  to  vertical  high-speetl  engines 
of  other  manufacturers,  give  rise  to  generating  sets  from  1}  to  10 
K.  W.,  running  from  850  to  380  R.  P.  M. 

DeLaval  Steam  Turbine  Company.  This  company  put  a  line  of 
tmit.s  on  the  market  in  which  the  generators  were  geared  to  steam  tur- 
bines in  capacities  from  4.(>  to  200  K.  W.;  the  genemtor  .spee<ls  were 
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from  3,000  to  9,000  and  the  turbine  speeds  from  3,000  to  10,0(X)  R. 
P.  M.  Fig.  25  shows  a  20-K.  W.  unit  of  the  older  type.  All  units 
from  50  to  200  K.  W.  inclusive,  until  recently,  consisted  of  really  two 


i 


generators  mounted  side  by  side  but  with  a  combined  field  frame, 
and  their  armatures  coupled  to  the  reducing  shafts,  as  shown  in  Fig. 
10.  This  style  has  been  abandoned,  the  newer  type  being  illustrated 
m  Fig.  26.  The  field  frame  is  cast  steel  and  in  the  larger  units 
resembles  two  intersecting  circles  in  shape.     The  pole  pieces  are 
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built  up  of  thin  sheet-steel  laminations,  each  one  being  held  in 
place  by  two  bolts  passing  through  the  field  frame.  The  series 
and  shunt  field  coils  are  machine  wound,  are  independently  in- 
sulated, and  are  mounted  on  the  pole  pieces  without  bobbins.  The 
armatures  are  of  the  ironclad,  bar  wound,  ventilatetl  tj'pe.      The 


Fiir.  27.     Fairl)anks-MorK  EnRine-Type  Generator. 

armature  conductors  are  wouml  with  linen  tape,  dipped  in  varnish 
and  baked.  As  many  as  are  placed  in  one  slot  are  then  tape<l 
together.  The  coil  is  now  dipped  in  insulating  varnish  and  again 
Imked.  Tlie  slots  contain  in.sulating  troughs  made  of  a  combination 
of  vamLshetl  cloth  and  insulating  paper.  The  commutators  are  of 
e.xtremely  heavy  constniction  mounte<l  directly  on  the  armature  shaft, 
'ilie  brush-holder  yoke  ctmsists  of  a  cast-iron  ring  supported  by 
brackets  projecting  from  the  magnet  frame. 

Fairbanks,  Morse   <t  Co.     The  engine-type  generators   gotten 
out  by  this  company  are  illustrated  in  Fig.  27,  showing  a  200-K.  W., 
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Fig.  28.     Fairbanks-Morse  Belted  Generator. 


Fig.  29.     Fairbanks-Morse  Standard  Belted  Generator. 
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Fig.  31.     Fort 


I'J-K,  W.  Geucratur,  aliywui^ 
Shifting  BnalMi. 


.  \\  .leel  (or 
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250-volt  machine.  They  are  manufactured  in  sizes  from  50  to  300 
K.  \V.,  with  speeds  from  275  to  100  II.  P.  M.  The  frame  ot  magnet 
yoke  is  made  of  special  dynamo  iron  of  very  high  permeability.  The 
pole  cores  are  of  extra  quality  re-hammered  wrought  iron,  circular 

in  cross-section  and  bolte<l 
to  the  frame.  The  pole 
shoes  are  of  laminated  shtt  i 
steel,  so  shaped  as  to  give 
the  correct  flux  distribution 
and  avoid  eddy  currents. 
The  field  coils  are  wound  on 
metallic  spools,  the  series 
and  shunt  coils  being  in 
separate  compartments. 
Tlie  armatures  are  iron- 
clad, bar  wound,  with  one- 
piece  coils  and  well  ven- 
tilated. This  company  also 
manufactures  several  lines 
of  moderate-  and  slow- 
speed  lielted  generators.  Their  moderate-speed  imachines  range 
from  2  to  125  K.  W.,  running  at  1,850  to  675  R.  P.-  M.  These  same 
machines  when  run  at  lower  revolutions  per  minute  and  suitably 
changing  the  windings,  l)ecome  their  slow-speed  generators  rated 
from  1^  to  100  K.  W., 
running  at  1,600  to  550 
R.  P.  M.  The  smaller 
sizes  are  illustrated  in 
Fig.  28,  while  the  larger 
take  the  form  shown  in 
Fig.  29.  In  these  lines 
the  frame  is  a  semi-steel 
easting.  The  poles  are 
built  up  of  steel  lamina- 
tioas  pressed  solidly  together  between  steel  side  pieces,  or  in  the 
smaller  sizes  cast  solid  with  the  frame.  Pole  horns  support  the  field 
coils  and  give  the  proper  flux  distribution  in  the  air-gap.  The 
shunt  field  coils  are  wound  upon  cast-iron  forms  and  thoroughly 


Fitf.  32.     Fort  Wayne  Laminated  Pole  Piece, 
Before  Being  Cast- Welded  Into  the  Frame. 


Fig.  33.     Fort  Wayne  Ventilated  Field  C!oil. 
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insulated,  'llie  series  coils  are  made  of  strip  copper,  insulated  with 
mica  and  protecte<l  with  a  conl  winding  on  the  outside.  'Hiis  con- 
struction is  shown  in  Fig.  3().  In  the  smaller  maciiines  the  armature 
coils  are  form  wound. 

Fort  Wayne  FAeciric  Works.  Tlie  engine-<lriven  generators  of 
this  company  are  built  in  sizes  from  20  to  8(K)  K.  W.,  running  at  325 
to  80  H.  P.  M.  and  having  from  6  to  16  poles.  Fig.  31  is  a  view  of 
a  10-pole,  4(X)-K.  W.,  250-voIt  generator  and  clearly  shows  the  method 


Fig.  34.     Fort  W8>'ne  Armature  Partly  Wound. 

of  .shifting  the  brush  yoke.  In  the  smaller  sizes  the  frames  are  split 
horizontally,  while  large  machines  are  split  vertically  and  can  be 
.separate<l  on  the  base  at  right  angles  to  the  shaft,  llie  pole  pieces 
are  made  up  of  .sheet  iron  punchings,  riveted  together  and  slotted  to 
about  one-half  their  length,  a.s  shown  in  Fig.  32.  After  being  cast- 
weldwl  into  the  frame,  they  are  machined  ami  in  the  larger  sizes 
fitte<l  with  pole  .shoes.     Tlie  field  coils  are  wound  on  insidated  metal 


395 


.{2 


TVPPXS  OF  DYNAMO-ELECTRIC  MACHINERY 


forms,  as  shown  in  Fig.  33,  providing  good  ventilation.  The  arma- 
ture is  of  the  usual  ironclad,  one-piece  coil,  well-ventilated  type. 
A  partly  wound  armature  is  shown  in  Fig.  34.  Their  belt-driven 
types  are  manufactured  in  sizes  from  f  to  400  K.  W.  They  embody 
the  same  characteristics  as  the  direct-connected  type,  but  the  V)ase, 
field  frame,  pulley  end  pedestal,  and  part  of  the  commutator  end 
pedestal  are  all  cast  in  one  piece,  with  the  laminated  pole  pieces 
cast  welded  in  the  yoke.  One  of  their  larger  size,  3-bearing  belted, 
generators,  is  shown  in  Fig.  35. 


FiR.  35.     Fort  Wayne  Generator,  3  Bearing,  6  Poles,  200  K.  W.,  550  R.P.M.,  550  Volts. 

General  Electric  Company.  Fig.  36  shows  a  direct-connected 
railway  generator  built  by  this  company.  These  machines  range  in 
size  from  100  to  2,700  K.  W.,  having  from  6  to  36  poles,  and  running 
at  275  to  75  11.  P.  iVJ.  They  are  compound  wound,  generally  fur- 
nishing 525  volts  at  no  load  and  575  at  full  load.  Their  line  of  direct- 
driven  lighting  and  power  generators  is  of  similar  design,  from 
25  to  200  K.  W.,  6  and  8  pole,  running  at  305  to  150  R.  P.  M.,  and 
giving  125  or  250  volts.  Sizes  giving  275  volts  are  from  300  to  1,600 
K.  W.,  with  10  to  24  poles,  running  at  150  to  100  R.  P.  M.     In  all 
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tliesc  inuchiiR>.s  the  externul  circiilur  yoke  of  the  field  i^  made  of  cast 
in)n  of  oval  cross-section,  except  in  very  hirge  sizes,  where  it  is  cast 
witli  a  lM)X-like  construction  to  pve  greater  stiffness.  The  two  halves 
are  fastened  by  bolts  entirely  hidden,  'llw  poles  are  solid  steel  cast- 
ings, accurately  fitted  and  Ixilted  to  the  yoke.  They  are  also  keyed 
in  such  a  way  that  they  may  be  slip|)e<l  out  latendly.     Pole  shoes, 


Fig.  3b.     Uenenu  iLlectric  Railway  Uenerator. 

Iaminate<l  in  machines  above  20()  K.  \\.,  are  desigiie<l  to  give  a  gradu- 
ate<l  flux  density  in  the  air  gap  ami  also  .serve  to  keep  the  fiekl  coils 
in  place.  The  field  coils  are  rectangular  in  shajK*,  as  shown  in  Fig. 
37.  nie  end  flangi's  of  the  .s|)4H)Is  are  ventilateil,  with  ducts  formed 
in  the  coils.  In  the  larger  machines,  the  .series  and  .shunt  coils  are 
wound  on  separate  jmrts  of  the  lx)bbin,  while  in  the  smaller  sizes 
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Fig.  37.    General  Electric  Ventilated  Field  Coil, 


Fig.  38.     Hear  View  of  General  Electric  Armature — Showing  Equalizer  Rings. 
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die  shunt  winding  is  over  the  series.  The  toothed  armature  core 
and  windings  are  built  up  upon  the  rim  of  a  strong  central  spider, 
shown  in  Fig.  3S.  At  suitable  intervals  between  laminations,  space 
blocks,  illustrated  in  Fig.  39,  are  inserted.  These  are  made  of  steel 
strips  set  on  edge  and  interl(K*ke<l  with  the  laminations,  thus  forming 
ventilating  ducts  or  air  pa.ssages.  'Hie  arms  of  the  spider  have  cast 
uj)on  them  wings  or  fan  blades.  These  ser>'e  as  a  ixiwerful  centrif- 
ugal fan  to  keep  a  constant  blast  of  air  {lassing  Ijetween  the  lamina- 
tions and  windings  and  around  the  |)oIes.  The  armature  coils  are 
of  the.  form-wound  copjH*r-strip  tvjH',  hel<l  in  the  slots  by  wooden 
we<lges.  K(|uali/ing  rings  are  provided  on  generators  having  mul- 
tiple-wound armatures.  These  rings,  n)ounted  on  the  end  flange 
on  the  back  of  the  armature,  shown  in  Fig.  3S,  are  used  to  connect 

Fig.  39.     General  Electric  Armature  Lamination  and  Space  Blocks. 

the  armature  windings  l)etween  j)oints  of  equal  potential  .so  that  any 
unlMdancing  that  may  <K'cur  will  be  equalize<l  by  the  alternating 
currents  that  will  flow  through  these  rings  lietween  the  sections. 
These  currents,  due  to  their  armature  reaction,  e<jualize  the  pole 
strengths,  thus  causing  an  equal  division  of  the  direct  current  in  the 
several  paths  and  very  much  improving  commutation.  Commutators 
and  brush  holders  are  of  generous  tlesign,  allowing  large  radiating 
and  contact  .surfaces.  In  their  railway  generators,  all  sizes  above 
1,000  and  l)elow  400  K.  W.  are  e<juippetl  with  commutating  poles. 
Tlie.se  com|x*n.sate  armature  reaction  at  all  lojuls  an<l  .secure  excellent 
commutiition.  (See  Electn>-I)ynamic  Company,  Page  60.)  Their 
2.50-volt  generators  become  three-wire  genemtors  by  adding  two 
collector  rings,  mounted  at  the  c-ommutator  end  and  connected  to 
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the  proj^r  points  in  the  armature  winding.  Machines  of  this  type 
up  to  2()0  K.  W.  are  ilhistrated  bv  Fig.  40.  Tlie  brush  rigging  for 
the  collector  rings  is  supported  from  the  pillow  block  and  makes 
connection  by  copper  brushes  to  a  compensator.  These  compen- 
sators are  similar  in  construction  to  transformers  and  consist  of  two 
or  more  insulated  coils  wound  on  a  laminated  iron  core.     They 


Fig.  40.     General  Electric  Three- Wire  Generator. 

carry  an  alternating  current  and  serve  to  maintain  a  neutral  potential 
at  their  middle  point  to  which  can  Ije  connected  the  middle  or  neutral 
wire  of  a  three-wire  system.  This  company  manufactures  a  line  of 
small  direct-current  generating  sets,  both  generator  and  engine  com- 
plete, in  sizes  from  21  to7o  K.W.,  running  at  speeds  from  700  to  280 
U.  P.  M.  Fig.  41  illustrates  a  50-K.  W.  set  of  this  type.  Designed 
to  meet  the  severe  conditions  of  marine  work  which  demands  light, 
very  compact,  and  extremely  durable  sets  of  close  regulation,  they 


400 


TiTES  OF  D^'NAMO-FXECTRIC  MACHINERY 


37 


are,  in  addition,  employed  for  power  and  lighting  in  isolated  plants 
and  as  exciters  in  central  stations. 

The  direct-current  Curtis  steam  turbine  sets  brought  out  by  this 
company  are  arranged  with  horizontal  shaft,  as  illustrated  in  Fig. 
9.  They  are  built  in  sizes  from  20  to  3(K)  K.  W.,  at  125  and  250  volts. 
The  generators  are  of  the  mcxst  recent  and  improve<l  ty\)es.  By  the 
use  of  commutating  poles,  sparking  under  all  conditions  of  load  b 


Fig.  41.     General  Electric  50K.  W.  OeneraUn^t  Set  with  Forced  Lubrication. 

eliminated.  Special  commutator  constructions,  on  account  of  the 
high  speeds  and  massive  brush  rigging,  are  also  employed.  The 
generator  and  steam  turbine  are  mounted  on  a  common  base,  with  a 
single  piece  .shaft  ami  two  iH'arings,  or  with  a  two-piece  shaft  and 
flexible  coupling  In'twccn  the  genenitor  and  the  turbine,  in  which 
case  four  l>earings  are  re<niirrd.  This  company  also  buihls  several 
lines  of  belted  machines,     lliese  include  railway  generators  from 
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100  to  300  K.  W.,  6  and  8  poles,  running  at  600  to  400  R.  P.  M.; 
several  lines  of  lighting  and  power  generators  ranging  from  1^  K.  W., 
2  pole,  at  1 ,350  R.  P.  M.,  to  200  K.  W.,  8  pole,  at  425  R.  P.  M.  These 
lines  employ  similar  methods  of  construction  to  the  respective  direct- 
connected  types  of  the  same  company.  Fig.  42  illustrates  their 
medium-size  belted  machine  while  Fig.  43  illustrates  this  company's 
double  commutator,  low  voltage  generator  used  for  electrochemical 
work.  This  machine  is  capable  of  delivering  2,000  amperes  at  6 
volts,  or  by  connecting  the  two  commutators  in  series,  1,000  amperes 
at  12  volts. 


Fig.  42.     General  Electric  16-K.  W.  CL-B  Generator  on  Ca£t-Iron  Sub-Base. 

Holtzer-Cubut  Electric  Com'pany.  Fig.  44  shows  the  belted  genera- 
tors built  by  this  company.  The  line  of  these  machines  includes  sizes 
from  1  to  80  K.  W.,  at  speeds  from  2,250  to  500  R.  P.  M.  The 
field  ring  is  a  one-piece  casting  with  cylindrical  pole  pieces  of  wrought 
iron  cast  welded  into  it.  The  field  coils  are  form  wound  with  mica 
reinforwd  insulation.  The  armature  is  ironclad  with  wave  wind- 
ings of  round  ribbon  or  bar  copper  depending  upon  the  size  of  the 
machine.     The  armature  coils  are  held  in  the  slots  by  maple  strips 
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and  non-magnetic  binding  wires.  The  commutator  segments  are 
drop-forged  copper  in  the  smaller  sizes  and  hard-drawn  copper  in 
the  larger  sizes.  The  shaft  is  of  crucible  steel  with  the  bearings  of 
harfl  phosphor  bronze,  self-aligning  and  self-oiling,  while  the  pedestals 
are  lM)lted  to  the  base.  By  changing  the  windings  and  mollifying 
the  commutator  and  brush  constructions,  these  frames  are  adapted 


Fig.  44.     Holtzer-Cabot  Ueneratoi . 

to  plating  generators,  as  shown  in  Fig.  45.  They  are  made  to  deliver 
from  :i.'>  to  1,40()  amperes  at  6  volts,  when  running  at  speeds  from 
l,:j(JOto(KM)R.  P.  M. 

Northern  Electrical  Mfg.  Co.  This  company,  now  controlled 
by  the  Fort  AVayne  Electric  Works,  builds  a  line  of  engine-type 
generators  from  2')  to  1,()(M)  K.  \V.  that  are  wound  for  any  spt^tls 
suiUible  to  the  various  types  of  engines  and  furnish  any  of  the 
standard  voltages.     These  are  illustrated   in   Fig.  46.      The  field 
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Fig.  45.     Hoitzer-Cabot  Tiating  Ueiariiior. 


Fig.  46.     Nonhern  Electric  Multipolar  Generator. 
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frame  or  ring  is  made  of  cast  iron  in  two  parts,  divided  horizon- 
UiWy.  Its  cross-section  is  a  modified  ellipse,  being  flat  on  the  inside 
and  furnishing  a  machined  surface  on  which  to  seat  the  poles. 
The  pole  pieces  are  specially  shaped  laminations,  shown  in  Fig. 

47,  solidly  clamped  together  and 
bolted  to  the  frame.  The  diagonal 
slots  trisect  the  pole  and  keep  the 
flux  in  the  tips  stable,  decreasing 
the  shifting  of  the  lines  of  force  and 
the  demagnetization  of  one  of  the 
tips  due  to  armature  reaction.  By 
alternately  reversing  the  laminations 
(which  are  not  symmetrical  at  the 
tips)  in  groups  of  four  or  five,  a 
toothed  effect  is  secured,  tending 
to  saturate  the  tips  and  provide  a 
fringe  of  lines  of  force  helping 
commutation.  The  field  coils  are  rectangular,  form  wound,  and 
of  such  dimensions  as  to  provide  ventilating  ducts  between  the  coils 
and  the  sides  of  the  poles.  The  shunt  and  the  series  coils  are  wound 
separately  and  mounted  on  the  poles  with  an  air  space  between 
them.     The  armature  spider  is  of  cast  iron,  in  one  piece,  and  carries 


Fir.  47.    Pole  Laminations  of  Northern 
Generator  Showing  Trisected  Feature 


Fig.  48.     Northern  Armature  Ventilating  Disk. 
U-Shaped  Steel  Stampings  Riveted  to  Disk  Act  as  Spacers. 

the  connnutator  spider.  The  armature  is  of  the  laminated,  slotted 
drum  type,  well  ventilated.  The  spacers  are  made  of  U-shaped  steel 
pieces,  riveted  to  the  laminations,  shown  in  Fig.  48.  The  armature 
coils  arc  formed  upon  cast-iron  moulds  from  copper  bars  and  have 
no  joints  except  where  attache<l  to  the  commutator  ri.'iers.  The 
coils  are  effectually  insulated   from  each  other  in  addition  to  the 
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use  of  insulating  trouglis  being  place*!  in  tlie  slots.  In  the  larger 
machines  the  troughs  are  folded  over  the  top  of  the  coil  and  rovere<l 
by  hard  fiber  wetlgt'S  <lriven  inio  grooves  in  the  tops  of  the  teeth,  thus 


Fig.  49.     Armature  Segment  of  Northern  D.  0.  Oenerators. 

retaining  the  coils  in  the  core.  One  of  the  armature  segments  is 
shown  in  Fig.  49.  In  the  building  of  the  commutator,  bni.sh  rigging, 
bnish  holders,  an<l  equalizing  rings,  the  same  care  in  a.s.sembling 
and  in  the  quality  and  finish  of  the  material  is  exerci.sed  as  in  the 


Fig.  50.     Riilgway  4UU-K.  W  .  350- Voa  Generator. 

other  parts  of  the  machine  already  noted,  lliese  machines,  when 
furni.shed  with  collector  rings  and  compensators,  become  three-wire 
generators  in  all  the  250-volt  standard  ratings.  This  company's 
line  of  belt-tlriven  machines  range   from    -jV   to  75  K.  W.  and  in 
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all  staudanl  voltages.  Their  most  prominent  features  are:  Cast- 
steel  frames,  removable  solirl  steel  poles  of  round  section,  bronze 
Warings,  cast-iron  bonnets,  cast-iron  bases  with  belt  tighteners,  form 
woimd,  taped  field  and  armature  coils,  hard  drawn  commutator  bars. 
Rulgway  Dynamo  and  Engine  Company.  ITiis  company  manufac- 
tures complete  engine-<l riven  units  and  also  belted  generators  from 
10  to  600  K.  W.  in  the  three  standard  voltages  of  125,  250,  and  550, 
illustrated  in  Figs.  50  and  51.  These  machines,  in  addition  to  em- 
ploying the  usual  meth(xls  and  materials  of  high  grade  generator 
construction,  have  several  distinguishing  features.     By  employing 


Fig.  51.     Uidgway  loo-K.  W.,  250-Volt  Belted  Generator. 

balancing  coils  these  generators  secure  sparkless  commutation  at  all 
loads  with  fixed  brushes.  The  field  ring  with  solid  pole  pieces  is  of 
annealed  cast  steel,  channel  shaped  in  section,  to  give  the  required  stiff- 
ness with  the  small  amount  of  metal  used  in  the  magnet  yoke.  The 
shunt  field  coils  are  form  wound  and  placed  on  the  pole  necks  as  usual. 
Inside  of  this  is  a  laminated  bushing  ring,  called  the  pole  ring.  The 
balancing  coils,  taking  the  place  of  the  series  coils  in  an  ordinary 
compound  generator,  are  of  copper  ribbon,  carefully  insulated  and 
wound  in  place  by  harul  through  slots  in  the  pole  ring.  This  con- 
struction is  shown  in  Fig.  52.    These  coils  are  connected  in  se^es 
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with  the  anmiturf  anil  are  so  adjusted,  since  the  current  flows  through 
them  in  the  op|)osite  direction  to  that  in  the  underlying  arniatun* 
comhictors,  as  to  neutniii/e  armature  reaction.  A  jM>rtion  of  the 
balancing  coil  is  wound  alnnit  a  hig  in  the  pole  ring  so  as  to  set  up  a 
secondary  field  In'tween  the  jM)le  faces  at  the  place  where  the  short- 
circuiting  of  each  armature  coil  takes  place.  This  field  <lepending 
upon  the  current  output  of  the  machine  o<*casions  sparkless  commuta- 
tion. Wiriding  the  coils  eccentrically  and  also  adding  a  few  extra 
turns,  pHnluces  a  comjKiunding  effect. 


Fig.  52.     Kid«way  Pule  and  Field  King. 

Sprngiw  FAectric  Company.  Fig.  ').'i  shows  one  of  the  Spraguc 
engine-type  generators.  They  are  made  in  standard  sizes  from  25 
K.  W.,  ninning  at  310  U.  P.  M.  up  to  2()0  K.  W.  at  200  R.  P.  M., 
and  in  lai^r  sizes  when  demandetl.  'ITiey  employ  a  horizontally 
split  steel  casting  for  the  frame  witli  laminated  lx)ltetl-in  poles, 
and  an  ironclad,  well-ventilated  t(Kithe<l  armature  with  formed  one- 
piece  coils.  ITie  pole  pieces  arc  specially  .shape<l  to  prevent  armature 
reaction  and  give  proper  flux  density  in  the  air  gap.     Tlie  field  spoob 
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consist  of  an  insulated  sheet-iron  body  with  substantial  fiber  heads. 
Upon  this  is  first  wound  the  series  coil  formed  of  flat  copper  strip. 
The  shunt  coil  of  insulated  copper  wire  is  then  wound  on  the  same 
sp<K)l,  ])ut  separute<l  from  the  series  coil  by  insulation  and  half  an 
inch  air  space,  communicating  with  the  outside  air  through  holes  in 
the  fiber  heads.    The  commutator  consists  of  hard  drawn  copper 


Fig.  53.     Sprague  Ck)ntinuous-CuiTent  Direct-Driven  Generator.  100  K.  W.,  250  Volts. 

segments,  insulated  with  mica  and  clamped  by  a  cast-steel  ring  to 
a  cast-iron  shell  rigidly  supported  by  the  armature  spider.  ITiick 
mica  cones  insulate  the  segments  from  the  clamping  ring.  The 
brush  holders  are  liberally  designed  as  regards  their  current  capacity 
and  do  not  utilize  the  tension  springs  for  carrying  current.  The 
bnish  holders  are  supported  by  a  cast-iron  rocker  ring  that  fits  into 
a  machined  seat  on  the  magnet  yoke  and  is  capable  of  being  rotated 
for  adjusting  the  position  of  the  brushes  by  the  hand  wheel  shown. 
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Fig.  54.     Stiirtevani  Direct-Driven  Unit. 


Pig.  5S.     Sturtevant  S-K.  W.  Ocnermtlng  Set. 
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B.  F.  Sturtevani  Company.  Tliis  company  manufactures  both 
the  steam  engines  and  the  generators  of  their  direct-<lriven  units. 
These  lines  of  units  comprise  an  engine-type  generator  in  capacities 
from  20  K.  W.  at  375  R.  P.  M.  up  to  150  K.  W.  at  250  R.  P.  M., 
all  eight  poles.     Their  generating  sets  employ  several  different  types 


of  vertical  engines,  and  range  from  3  K.  W.,  direct  connected,  6  pole, 
800  R.  P.  M.,  to  500  K.  W.,  engine  type,  10  pole,  160  R.  P.  M.  Figs. 
54  and   55  illustrate  these  types. 

Triumph  Electric  Company.     Fig.  56  shows  one  of  a  line  of 
engine-type  Triumph  generators,  ranging  in  size  from  25  K.  W., 
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4  pole,  to  .'i(K)  K.  W.,  S  pole,  and  running  at  speeds  from  335  to  100 
II.  P.  M.  The  frame  is  of  close-grained  east  iron,  parte<l  vertically, 
with  laminated  pole  pieces  cast  welded  into  it.     Tlie  field  coils  are 


FlK.  57.     Triump'.i  Shunt  and  Series  Flelfl  Coite. 


form  wound  and  separated  hy  spacers  JK'tween  them,  as  shown  in 
Fig.  r»7.  They  also  huild  a  line  of  generating  sets  of  the  marine 
tyjH*.  as  shown  in   Fig,  oK,  in  sizes  from  \  to  171  K.  W.,  all  4-pole 


rig.  SS.     171-K.  W.  Triumph  Genemins  Set— Troy  Engiiie. 
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Fig.  59.     Triumph  Two  Bearing  150-K.  W.  Generator. 


Fig.  CO.     Western  Electric  850-K.  W.  Generator.  250  Volts.  90  R.  P.  M. 
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machines  and  ninning  at  50()  to  liTA)  R.  P.  M.  Their  line  of  Ijelted 
machines  ranges  from  3  K.  W.,  4  poles,  at  \,'MK)  R.  P.  M.,  to  150 
K.  W.,  0  poles,  at  500  R.  P.  M.,  and  is  illustrat«l  by  Fig.  59.  This 
company's  lines  show  no  special  features  that  have  not  been  previously 
descrilK*<l  under  the  other  manufacturers. 

M't'.ttern  Electric  Company.  Fig.  00  shows  an  850-K.  W.  machine 
of  the  engine  tj-pe  placed  upon  the  market  by  this  company.  In 
their  standard  constniction,  the  frame  is  divi<ied  vertically,  made  of 
cast  iron  in  the  larger  sizes  to  obtain  the  nee<le<l  mechanical  strength 
due  to  the  larger  yoke 
cn)ss-«ection,  and  cast 
steel  in  the  smaller. 
Tlie  annealed  mild  steel, 
laminated  pole  pieces 
are  cast  welded  in  the 
frames.  Tlie  shunt  and 
the  series  field  coil  s, 
although  separately 
wound  and  insulated, 
are  mounted  on  a  single 
metallic  spool  in  ven- 
tilated construction.  The 
armature  is  of  the  iron- 
clad, well-ventilated  ty{>e.  y^.^  e,  WeBiem  Electric  Beit-Driven  Oenemtor. 
The  armature  windings 

are  one-piece  solid  bars,  insulated  individually  and  in  groups,  and 
are  retained  in  the  slots  by  fil)er  wetlges.  Any  one  of  their  250- 
volt  engine-type  generators  becomes  a  three-wire  generator  without 
using  a  compensator  by  having  a  doubly  wound  armature  to 
obtain  the  neutral  potential  point.  Use  is  made  of  a  special  balan- 
cing winding  which  is  placed  Wneath  the  usual  armature  winding  at 
the  lx)ttom  of  the  slots.  This  winding  is  interconnected  with  the 
main  armature  winding  and  a  collector  ring,  insulated  from,  but 
mounted  at  the  en<l  of,  the  commutator,  so  that  the  collector  ring 
always  passesses  a  potential  midway  between  the  two  brushes.  The 
neutral  wire  is  connected  to  brushes  resting  on  the  collector  ring.  In 
onler  to  compound  for  the  total  load  under  all  conditions,  the  series 
field  winding  is  divided  in  two  jxarts,  half  the  coils  (those  on  every 


415 


52 


TYPES  OF  DYNAMO-ELECTRIC  MACHINERY 


other  |>ole)  being  connected  to  one  brush  and  the  others  to  the  other 
bnish.  This  arrangement  results  in  balanced  magnetic  and  elec- 
trical circuits.  Their  l)elt-driven  machines  are  made  in  sizes  from 
a  fraction  of  a  kilowatt  up  to  GO  K.  W.,  in  the  form  shown  in  F'ig.  61. 


Fig.  62.     Westlnghouso  350-K.  W.  Direct-Current  Engine-Type  Generator. 

Westinghomc  Electric  &  Manufacturing  Co.  This  company 
places  upon  the  market  complete  lines  of  engine-type  generators  of 
125,  250,  and  SfM)  volts;  a  'ArA)-K.  \V.  generator  is  shown  in  Fig. 
62.  The  magnet  yoke  is  circular  and  of  cast  iron.  In  sizes  below 
25  K.  W.  it  is  in  one  piece.  In  sizes  from  25  to  125  K.  W.  it  is  divided 
vertically,  while  for  the  larger  sizes  it  is  divided  horizontally.  Lami- 
nated pole  pieces  are  through  bolted  to  machined  seats  on  the  inner 
surface  of  the  yoke.    T\\e  pole  tips  are  spread  to  provide  a  com- 
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mutation  field  and  also  to  .secure  the  field  coils.  The  shunt  and  the 
series  coils  are  separately  wound  with  air  spaces  l)etween  them. 
The  series  coils  are  insulated,  rectangular,  forge<l-copper  conductors. 
The  shunt  coils  are  wire,  machine-wound,  tape<l,  and  rendere<l 
moisture  proof.  The  field  coils  are  mounte<l  directly  on  the  pole 
cores,  leaving  air  spaces,  as  shown  in  Fig.  0.'i,  no  spools  being  em- 


I 


FiK.  63.     Field  For  250-K.  W.  aSO-Votl  I^irect-Current  Westiojrhouae  Engine- 
Type  Generator. 

ployed.  The  arnuiture  core  is  built  of  ttH)thc<l,  sheet-steel  stamp- 
ings on  a  cast-iron  spider  timt  also  carries  the  commutator  and  the 
ventilating  vanes.  The  armature  coils  are  machine  formed,  care- 
fully irusulated,  and  held  in  place  by  fiber  wetlges.  Balancing  or 
er|ualizing  rings  are  provi<!e<l.  Tlie  commutator  bars,  made  accu- 
nJrlv  lo  L'augc,  arv  of  lianl  drawn  cop}>cr.    Thr  bnish-hoMer  mcchaii- 
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ism  is  carried  by  brackets  inounted  on  a  rocker  ring  carried  on  a 
niachincd  seat  on  the  fiekl  frame.  The  brush  holder  is  of  the  sHd- 
ing  type  with  copper  connections  from  a  cUimp  on  each  brush  to  a 
solid  part  of  the  holder.  Copper  plated  carbon  brushes  are  used  in 
all  cases.  This  company  builds  a  line  of  self-contained  generators 
in  standard  sizes  from  1(X)  to  300  K.  W.  at  250  and  550  volts,  and  100 
to  200  K.  W.  wound  for  125  volts.  '^Tliey  are  adapted  for  belt  driving 
or  for  direct  connection  where  frames  Avith  bearings  are  desired. 
They  emlnxly  the  same  features  as  and  closely  resemble  in  appearance 
their  engine  type.  Fig.  C4  shows  the  details  of  the  bearings  used. 
The  pedestals  are  bolted  to  the  bed  jilate  and  support  self-oiling 


Fig.  64.     Bearing  of  Westinghouse  Direct -Current  Self-C!ontained  Generator. 

bearings  that  consist  of  cast-iron  shells  lined  with  babbitt  metal 
and  lubricated  by  means  of  rings  that  ride  upon  the  shaft  and  dip 
into  large  reservoirs  in  the  pedestals,  filled  with  oil.  The  rings, 
rotated  by  the  motion  of  the  shaft,  continually  bring  up  a  supply  of 
oil.  Another  line  of  machines,  designated  type  S,  furnishes  the 
smaller  sizes.  The  methods  of  manufacture  and  materials  for  the 
various  parts  are  the  same  as  in  the  other  lines,  but  the  outward 
appearance  is  entirely  different,  since  the  bearings  are  supported 
by  brackets  of  the  skeleton  type  with  radial  arms  and  an  outer 
ring  bolted  to  the  frame.  The  standard  belted  machines  range  from 
2  to  85  K..W.  for  125  and  250  volts,  and  from  3^  to  75  K.  W.  at  550 
volts.  These  generators  may  also  be  direct  connected,  forming 
generating  sets  as  shown  in  Fig.  65.  AMien  direct  connected  they 
require  special  windings  and  the  capacity  of  any  frame  changes, 
the  output  Ijeing  roughly  proportional  to  the  speed  of  the  armature. 
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Another  line,  calle<I  tN-jie  R,  gives  8  sizes  from  |  to  7  J  K.  W.;  the 
smallest  4  sizes  Ix'ing  hipolur,  the  others  4  jx»le.  Thest;  are  iii- 
teiule<l  for  Ix'it  drivinj;,  althougli  tlie  multi|)<)lar  frames  can  be 
adapted  for  direct  driving.  Tlie  details  of  const niction  are  shown 
in  Fig.  tKi.     Any  engine  type,  any  self-contained,  and  any  type  S 


KIg.  C5.     Westin«houM  Generating  Set— T>-po  S  Oenermtor  Driven  by  ABC  Engiiie. 

generator  alx>ve  5  K.  \V.,  providetl  the  voltage  is  250  or  550,  may, 
by  the  addition  of  properly  connecte<l  collector  rings,  l)ecome  a  three- 
wire  generator.  T\\e  Westinghouse  Company  prefers  the  two-phase 
arrangement.  Tills  necessitates  four  colle<'tion  rings,  as  shown  in 
Fig.  67.  It  further  requires  two  compensators  or  autotransformers. 
These   consist,   each    of  a  single  winding  upon  a  laminated  core 


419 


56  TYPES  OF  DYNAMO-ELECTRIC  MACHINERY 

and  are  eadi  connected  to  two  of  the  collector  rings.  The 
middle  points  of  the  autotransformers  are  connected  together  and 
to  the  neutral  of  the  three-wire  system.  Fig.  68  shows  a  Westing- 
house  direct-connected  generator  for  electrolytic  work.  It  is  shunt 
wound  with  an  output  of  4,000  amperes  at  a  few  volts.     At  this  large 


Fig.  66.     Parts  of  Multipolar  Westinghouse  Type  R  Generator. 

amperage  and  low  voltage,  special  construction  is  necessary  to  keep 
down  the  contact  resistance  at  the  commutator.  To  accomplish 
tliis,  the  machine  carries  two  commutators,  each  of  very  large  area 
and  with  a  large  number  of  brushes.  There  is  only  one  armature 
winding,  with  both  commutators  connected  to  it.  The  circuits 
derived  from  the  two  commutators  may  be  kept  separate  or  con- 
nected in  parallel. 

MOTORS 

The  standard  practice  at 
present  with  respect  to  the  use 
of  electric  motors  favors  the 
direct  method  of  driving, 
"^riierefore,  many  motors,  espe- 
cially those  running  at  constant 
speeds,  are  identical  in  appear- 
ance as  regards  their  general  out- 
Fig.  67.     .\rniaiiirc  of  .TOO-K.  W.  Westing-     ,.  ,      j-  j  • 

house  Three-Wire  Generator.  "Hes  to  direct-driven  generators. 
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In  fact,  niaiiufactiirers  actually  employ  the  same  frames  for 
penemtors  and  motors,  men*ly  clianpn^  the  winding  to  pnxhice 
the  re(|uire<l  characteristics.  Mott>rs  for  tlire<'t  driving  are  now 
commonly  monnttnl  ujion  the  shafts  of  lathes,  l)oring  mills,  drill 
presses,  shajM-rs,  pnnihing  machinery,  hydrostatic  presses,  laundry 
machinery,  tniveling  cranes,  pumps,  mine  hoists,  and    many   otlur 


Fig.   68.     WestiriKliouse   Dirccl-Curn.'ni   tiLiar^tor  with   T\su   Coimuulutora  for  Elec- 

tmlytk-  Work. 

cla.sses  of  machinery.  Many  prominnnt  printing  plants  are  now 
o|K'nite<l  l>y  motors  dircct-<-onn«'ctctl  to  thr  j)n'ss('s,  juhI  this 
system  of  din-ct  driving  is  also  applied  to  many  of  the  great  mills, 
factories,  ami  steel  works,  llie  employment  of  electric  motors  in 
place  of  l>elting  and  shafting  in  factories  results  in  a  large  fuel 
economy,   in   increased   output   of  the   manufactured   prixlucts,   in 
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flexibility  as  to  loc-ation  of  machinery,  and  in  l)etter  speed  regula- 
tion. The  only  objection  is  the  greater  first  cost.  The  fuel  economy 
is  due  to  the  elimination  of  losses  due  to  shafting  and  belting  and' 
to  the  fact  that  the  consumption  or  energy  entirely  ceases  when  the 
t<M)l  stopjv  The  increased  output  is  secured  by  the  greater  conven- 
ience in  starting  and  stopping  as  well  as  in  regulating  the  speed  of 
the  machinery. 

Direct-current  motors  are  either  shunt,  series,  or  compound. 
A  shunt  motor  runs  at  practically  constant  speed  for  all  loads,  has 
a  torque  almost  directly  proportional  to  the  armature  current,  and 
has  a  starting  torque  usually  50  to  100  per  cent  greater  than  full 
load  nmning  torque.  A  series  motor  runs  at  greatly  decreasing 
s|)eed  for  increasing  loads,  has  a  torque  that  increases  almost  as 
the  square  of  the  armature  current  or  at  least  much  faster  than 
pro|X)rtional  to  it,  and  has  a  powerful  starting  torque.  A  compound- 
wound  motor  approximates  the  shunt  or  the  series  type  in  its  char- 
acteris-tics,  depending  upon  which  winding  preponderates. 

Speed  Classification.  Direct-current  motors  according  to  their 
speed  performance  fall  into  four  different  classes: 

1.  Constant-speed  motors,  in  which  the  speed  is  either  constant 
or  does  not  materially  vary,  as  shunt  motors  and  compound  motors 
in  which  the  shunt  field  preponderates. 

2.  Midti-speed  motors  (two-speed,  three-speed,  etc.),  which 
cati  be  operated  at  any  one  of  several  distinct  speeds,  these  speeds 
being  practically  independent  of  the  load,  such  as  motors  with  two 
armature  windings. 

3.  Adjustable-speed  motors,  in  which  the  speed  can  be  varied 
gradually  over  considerable  range;  but  when  once  adjusted  remains 
practically  unaffected  by  the  load,  such  as  shunt  or  slightly  com- 
pounded motors  designed  for  a  considerable  range  of  shunt  field 
variation. 

4.  V arying-speed  motors,  or  motors  in  which  the  speed  varies 
with  the  load,  decreasing  when  the  load  increases,  such  as  series 
motors  and  compound  motors  in  which  the  series  winding  prepon- 
derates. 

Classification  Accordinij:  to  Uses.  The  various  kinds  of  work 
demanded  of  electric  motors  fall  into  six  classes,  necessitating  par- 
ticular types  as  follows: 
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a.  Work  that  requires  the  motor  to  run  at  practically  coiLstant 
speed  iiuIepeiKietit  of  the  load,  a.s  in  a  line  shaft  ninning  several 
machines  but  driven  hy  a  single  motor,  'lliis  class  of  work  employs 
a  constant-speed  motor  and  regulates  automatically. 

b.  Work  that  rec|uires  frequent  stiirting  and  stopping  and 
extremely  small  initial  acceleration,  as  in  the  operation  of  printing 
presses  ami  gini  turrets.  Here  a  multi-s|)ee<l  motor  or  a  constant- 
speed  motor  with  a  multi-voltage  system  is  employed,  HMjuiring 
continual  hand  control. 

c.  Work  that  requires  varying  power  at  different  set  speeds, 
as  in  machine  tool  service.  Adjustable-speetl  motors  ansM'er  to  these 
requirements. 

d.  Work  in  which  the  required  torque  increases  with  the  speed, 
as  in  centrifug;d  pumps,  fans,  or  blower  equipments.  Varying- 
spee<l  motors  are  used  here  and  in  this  case  regidate  automatically, 
speeding  up  until  the  exerted  torque  equals  the  recjuiretl  tor(|ue. 
Constant-spee<l  motors  are  also  used  provi«led  their  full  load  torque 
b  as  great  as  that  refjuire<l  at  maximum  demand. 

e.  Work  requiring  frequent  starting  and  stopping  with  greatest 
torque  at  starting,  lus  in  electric  traction  and  crane  ser\ice.  For 
tliis  class  of  work  series  motors  are  employed  and  require  hand 
control. 

/.  Work  that  in  addition  to  frequent  starting  and  stopping  calls 
for  a  speed  independent  of  the  load  after  rapid  acceleration,  as  in 
elevator  ser\ice.  These  exacting  conditions  are  fulfilled  by  a  heavily 
compounded  motor.  At  starting  the  series  winding  preponderates, 
but  is  not  so  strong  at  full  speetl  or  may  even  he  short-<'ircuite<l  and 
the  motor  then  acts  as  a  shunt  machine.  This  service  can  also  be 
performe<l  by  adjustable-speed  motors  fitted  with  interpoles. 

_  Description  of  Types.  AUis-Chalmers  Company.  The  lai^r 
constant-speeil  motors  of  this  company  employ  the  same  frames  as 
their  l)elte<l  generators  shown  in  Fig.  16.  Tliey  include  many  sizes 
at  120,  240,  and  500  volts  from  10  to  5.50  horse-power,  ranging  in 
speed  from  1,050  to  230  R.  P.  M.  Their  tyjie  K  machine,  shown 
in  Fig.  69,  is  built  in  13  diflferent  frame  sizes  with  a  numl)er  of  ratings 
for  each  frame,  depending  upon  the  winding  and  the  spee<l.  The 
smallest  shunt-wound  constant-speed,  size  in  the  120-volt  line  is 
J  H.  P.  at  1,600  R.  P.  M..  and  the  largest  is  80  H.  P.  at  500  R.  P.  M. 
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They  are  also  wouiul  for  240  and  i)i)0  volts.  They  can  be  used  as 
adjustable-speed  motors  with  a  range  in  speed  of  1  to  3.  They  also 
can  \ye  wound  as  any  type  compound  or  series  motors,  thus  becoming 
varying-speed   motors.      The   field-magnet  yoke   is   of  open-hearth 


Fig.  C9.     Allis-Chalmers  TjT)e  A'  Motor. 


steel  and  machined  on  the  end  to  receive  the  housings  that  carry 
the  l)earings.  The  housings,  held  in  place  by  through  bolts,  can  l)*e 
rotated  90  or  180  degrees.  This  allows  bipolar  machines  to  be 
mounted  on  floor  or  ceiling  and  4-pole  machines  to  be  mounted  on 
floor,  ceiling,  or  side  wall.  Fig.  70  shows  an  Allis-Chalmers  t^-pe  A' 
motor  mountetl  on  a  planer.  Standard  motors  of  this  t^^pe  are* made 
open  at  the  ends;  they  can,  however,  also  be  made  semi-enclosed 
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uihI  t«)Uilly  rnclostMl  l)y  tlu*  iuiilitioii  i)f  siiituhle  metal  enclosiiijf  covers 
fitted  to  the  eiul  housings.  The  semi-enclase<l  ty|K'  list's  |)erfonite<l 
covers  forming  a  screen  that,  while  allowing  a  circulation  of  air, 
j)rotects  the  motor  from  flying  particles,  Totiilly  enclase<l  motors 
are  <lust  and  moisture  pnwif.  This  shuts  off  the  ventilation,  and 
the  output  of  a  given  frame  is  less  for  the  totiiUy  enclose<l  type  than 
for  the  others.  The  encIose<l  motor  does  well,  however,  for  inter- 
mittent work  where  it  has  ample  time  to  cool  in  the  intenals  of  work. 
This  company  also  manufactures  a  line  of  railway  motors  of  .'iV,  .')()-, 
and  T')-!!.  V.  capacities  to  l)e  used  on  circuits' from  .')(M)  to  VhA)  volts. 
Fig.  71  illustrates  the  S5-H.  1*.  size  thrown  open.  ITie  cast-steel 
field  frame  is  in  two  parts,  divided  horizontally  through  the  l)earings. 
'lliis  motor  is  of  the  series,  4-pole  tyj)e,  dust  and   moisture  proof. 

(iarvxHHl  Electric  Company.  'ITiis 
company  employs  the  frames  of  their  line 
of  standard  Incited  generators,  shown  in 
Fig.  10,  for  constant-spec<l  motors  of 
the  larger  sizes.  These  machines  are 
wound  for  12."),  2')(),  or  .')(K)  volts,  ninging 
fnnn  ^)  to  2:A)  II.  P.  at  many  different 
sp<'<'<ls  Itetween  oTO  and  22()  \\.  P.  M. 
Their  tyjKj  ^L  ma- 
chines, illustrated 
in  Fig.  2(),  give 
rise  to  constant- 
spee<l  motors  rang- 
ing from  1  \  to  40 
H,  P.,  either  shunt 
or  c  o  m  p  o  u  n  d. 
They  are  wound 
for  110,  220,  440,  12.5,  2.)0,  or  .'j(H)  volts.  The  greatest  speeil  is 
1,7(K)  and  the  lowest  (KiO  for  any  machine  of  this  design,  'lliey 
are  also  arrangeil  for  ceiling  and  wall  mounting,  as  well  as  with  ver- 
tical shaft.  All  of  these  varieties  can  also  l)e  senn*-<'nclo.se<l  or  fully 
enclose<l.  With  projH'r  windings  they  become  adjustable-sj)eed 
motors  and  are  built  for  a  s|x»eil  variation  of  5  to  1.  Figs.  72,  73, 
and  74  are  illustrations  of  these  machines.  This  company  also 
mamifactures  multi-s|H*e<l  motors  with  two  armature  windings  and 


FIk.  70. 


Allis-ChalmerR  Type  K  Motor  Mounted  on  SO"  x 
30*  American  Planer. 
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double  commutators,  as  shown  in  Fig.  75.  They  are  fised  for  running 
printing  presses,  when  equipped  with  series-parallel  method  of  con- 
trol. In  the  large  sizes  they  employ  the  same  frames  as  their  standard 
belted  generators. 


Fig.  71.     35  Horse-Power  Allfs-Chalmers  Railway  Motor. 

Crocker-Wheeler  Compamj.  The  larger  constant-speed  motors 
nmning  l^etween.  870  and  360  R.  P.  M.  and  varying  from  50-  to  275- 
H.  P.  capacity  are  obtained  by  this  company  by  using  their  form  D 
frames,  shown  in  Fig.  23.  They  can  be  wound  so  as  to  run  on  110, 
115,  220,  230,  or  .500  volts.  Their  form  /  machines,  shown  in 
Fig.  24,  give  them  shunt  motors  from  2.J  to  45  H.  P.  at  any  of  the 
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al)ove  five  voltages,  the  speetls  falling  l)etween  1  ,G.')()  and  330  R.  P.  M, 
This  tN-pe  of  frame  can  lie  shunt  wound,  series  wound,  or  compoumletl 


Fig.  72.     C  &  C  Open  Wall  6'I>  Motor. 


to  any  degree,  as  well  as  furnishing  a  line  of  field-weakening  ad- 
justal)le-spee<l  motors  giving  a  .speed  range  of  3  to  1.     It  also  can  be 


Fig.  'ti.     c  .Ik  C  ihtaul-Kneloaed  Usum  Type  .SI.  Motor. 

arranges!  for  fl(H)r,  side  wall,  or  ceiling  mounting  an<J  with  vertical 
shaft.     By  adding  proper  covers  to  the  open  t\'pe  it  becomes  en- 
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Fig.  74.     C  &C  Type  SL  Motor  and  Reciprocat'ng  Compressor. 


Pig.  76.     C  &  C  Double  Commutator  Type  SL  Printing  Press  Motor. 
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closed  or  seini-4*ncIose<l,  the  latter  either  gri<l  or  gauze.  Enclosed 
motors  are  particularly  adaptwl  to  operate  in  flotjr  mills,  wood 
working  shops,  lK)iler  nwrns,  machine  shops,  etc.,  where  the  air  is 
continually  filled  with  fine  particles.  Being  almost  air  tight,  they 
are  larger  frame  for  a  given  output  than  open,  ventilated  motors; 
hut  with  pn>|)er  windings  and  frame  they  may  l)e  of  practically  the 
same  efficiency  as  the  ojkmi  tyjM*s.     They  are  not  very  well  ada|)ted 


Fig.  76.    Crocker- Wlieeler  40-H.  P..  23(>-Volt  Motor  Driviut;  Amiuonia  CuiUt>ic.MW. 

for  continuous  nmning,  hut  <lo  admimhly  for  intermittent  service. 
This  company  brings  out  a  line  of  slow-speed,  constant-speed,  direct- 
connectetl  motors  having  no  shafts  of  their  own.  A  motor  of  this 
line  is  intended  to  l)e  keye<l  directly  onto  the  shaft  of  the  machine 
it  is  to  drive,  as  shown  in  Fig.  70.  They  are  <lesignetl  for  220-  to 
23()-volt  circuits,  ranging  from  2S  to  4o()  H.  V.  The  highest  speed 
is  .3oO  and  the  lowest  Ki.  'lliese  low  spee<ls  are  possible  by  in<reas- 
ing  the  numl)er  of  jK)les,  they  iKMiig  from  G  to  12.  Slow-s|)eetl  motors 
have  a  smaller  |K)wer  output  for  a  given  weight  than  the  high-speed 
t>'pes.  This  df)e.s  not  mean  that  their  efficiency  is  lower,  but  that 
for  a  given  horse-|K)wer  rating,  the  slow-speed  motor  is  the  heavier 
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and  the  larger.  From  this  it  follows  that  its  cost  per  horse-power  is 
greater.  On  the  other  hand,  the  slow-speed  type  mns  cooler,  has 
In'tter  mechanical  construction,  and  stands  long,  contiiuicd  cjver- 
loa<ls  much  Ijetter.  For  the  smaller  sizes,  this  company  uses  a  2- 
|K)le  motor  called  hy  them  form  L.  ^iliey  are  made  in  sizes  from 
^\j  to  5  II.  P.  for  oj>eration  on  115-,  230-,  or  5(K)-volt  circuits  and 
are  suited  for  application  to  all  sorts  of  light  machinery.  Fig.  77 
shows  one  of  the  many  uses.  To  supply  the  demand  for  traveling 
crane  motors,  this  company  has  developed  a  line  of  motors  shown 

in  Fig.  78.  They  are  made  in 
sizes  from  \\  to  65  H.  P., 
operating  on  220  or  500  volts. 
They  are  series-wound,  com- 
pact, of  strong  and  rugged 
construction ,  rectangular 
frame,  and  are  protected 
against  dirt  and  moisture  by 
enclosing  covers.  Still  another 
line  of  motors  brought  out 
by  this  company  are  their 
rolling-mill  rrjotors,  shown  in 
Fig.  79.  These  motors  are 
built  in  9  sizes  from  1\  to  200 
H.  P.  intermittent  rating,  at 
220  volts.  They  are  of  en- 
closed construction  with  an 
octagonal  steel  crane.  They 
are  4-pole  series  or  compound 
wound.  In  the  eompoimd 
form  the  shunt  is  light,  merely 
preventing  the  motor  from  doubling  its  speed  if  the  load  is  remove<l. 
All  insulation  is  fireproof  and  of  great  stnictural  strength,  allowing 
the  motor  to  withstand  outside  roasting  or  internal  heating  from 
overloads. 

Electro-Dynamic  Company.  A  prominent  t}^  of  adjustable- 
speed  motor  is  that  of  the  Electro-Dynamic  Company  in  which  speed 
variations  from  6  to  1  may  l)e  obtained  by  field  weakening.  Spark- 
ing is  prevente<l  by  the  employment  of  interpoles;  that  is,  auxiliary 


Fig.  77. 


Traveling  I. cist  Driven  I  y  Crocker- 
Wheeler  Form  L  Motors. 
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Fig.  78.     CYoi'ker-Wlieeler  Crane  Motors  on  Trolley  of  TravelinK  Crane. 


Fig.  79.     Crocker- Wheeler  RoHing  Mill  Motor  with  Top  Half  Llfte*!  Off. 
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poles,  small  compared  with   the  main  poles,  ar^  located  between 
the  latter  and  provided  with  coils  connected  in  series  with  the  arma- 


Fig.  80.    Electrodynamic  Motor  Showing  Interpoles. 

ture.     The  flux  of  these  interpoles  is  in  direct  opposition  to  that  o 
the  armature  and  gives  the  commutation  field.     Since  the  coils  of 


Fig.  81.     Interpole  Motor  Armature  Showing  Ball  Bearings. 
the  interpoles  are  connected  in  series  with  the  armature,  the  com- 
mutation field  is  not  affected  by  weakening  the  shunt  or  main  motor 
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field  to  obtain  the  increased  armature  speeds.  It  is,  furthermore, 
proportional  to  the  load,  thus  producing  sparkless  commutation 
at  all  loads  and  speeils  within  the  limits  of  the  design  of  the  machine. 
As  the  action  of  the  interjxjles  is  reversible,  the  motors  can  be  run 
equally  well  in  cither  direction.  Fig,  SO  is  a  view  of  one  of  these 
motors  with  the  bearing  housings  and  armature  removed,  showing 


Fic.  82.     The  Interpole  VariaMe-Speecl  Motor,  an  .\ppliecl  to  Elertrir  KlevaUM- 
Equipment  Manufactured  by  the  National  Elevator  Company. 

the  interpoles.  These  motors  are  manufactured  in  sizes  from  J 
to  75  H.  P.  as  4-pole  machines,  and  in  sizes  from  40  to  150  H.  P. 
as  6-pole  machines,  operating  on  1 10-,  220-,  or  500-volt  circuits. 

The  field  yoke,  except  in  the  largest  frame.  Is  of  liest  electrical 
steel  in  one  piece.  The  main  poles  are  cast  steel  or  laminated,  as 
require<l,  boltetl  to  the  yoke,  and  the  interpoles  are  of  wrought  iron. 
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The  ball  bearings  used  have  two  races  for  the  balls,  one  fastened 
directly  to  the  armature  shaft  and  the  other  free  in  the  bearing  hous- 
ing. The  kind  of  bearing  is  shown  in  Fig,  81,  and  since  the  lubri- 
cant is  vaseline  or  other  heavy  lubricant,  the  machine  can  be  placed 
in  any  position.  This  motor  is,  of  course,  also  manufactured  in 
semi-enclosed,  enclosed,  and  vertical  types.  Fig.  82  shows  one  of 
the  many  applications  of  this  machine. 

Fairbanks,  Morse  &  Co.  This  company  manufactures  several 
lines  of  constant-speed,  shunt-wound  motors,  using  the  same  frames 
as  for  their  lines  of  Incited  generators.     The  separate  motors  range 

from  150  H.  P.  at  650  R.  P. 
M.,  like  Fig.  29,  down  to  2 
II.  P.  at  1,800  R.  P.  M.,  like 
Fig.  28.  The  same  frames 
are  also  compound  wound 
giving  a  drop  in  speed  of 
about  20%  between  no  load 
and  full  load.  They  are 
wound  to  operate  on  110-, 
220-,  or  500-volt  circuits. 
Their  smaller  sizes  are  made 
in  all  the  varieties,  similar 
to  other  manufactures,  and 
also  furnish  a  line  of  adjust- 
able-speed motors  with  speed 
variation  of  2  to  1  or  4  to  1, 
as  called  for.  Fig.  83  shows 
one  of  their  smaller  motors 
driving  an  exhaust  fan. 
Fort  Wayne  Electric  Works.  For  the  largest  direct-connected, 
constant-speed  motors,  as  would  l>e  needed  for  driving  air  com- 
pressors for  instance,  this  company  employs  the  frames  of  their 
engine-type  generators,  shown  in  Fig.  31.  Their  medium-capacity, 
belted,  constant-speed  motors  from  25  to  105  H.  P.,  skown  in  Fig. 
84,  are  practically  identical  with,  their  belted  generators.  These 
sizes  are  0-pole  machines  and  are  made  for  slow,  medium,  or 
moderate  speeds  operating  on  11. 5-,  230-,  or  500-volt  circuits.  Tlieir 
type  EF  motors,  illustrate<l  in  Fig.  85,  are  all  4  pole,  ranging  from 


Fig.  83.    Direct-Connected  Exhaust  Fan  Driven 
by  Fairbanks-Morse  D.  C.  Motor. 
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1  to  70  H.  P.  Their  type  L  motors,  shown  in  Fig.  86,  are  bipolar 
ami  built  in  sizes  from  J  to  2  H.  P.  Both  these  types  are  constant- 
speed  motors,  designetl  to  ojx'rate  at  115,  230,  or  50()  volts,  can  be 
mounted  in  any  of  the  positions,  and  can  he  furnished  open,  semi- 
enclosetl,  or  enclosed.  A  line  of  very  small  motors  from  jj,  to 
j'lr  H.  P.  and  several  fan  motors  complete  this  company's  direct- 
current  apparatus. 


Fig.  84.     Fort  Wayne  105  Hone-Power  Motor. 


General  Electric  Company.  Constant-speed  motors  of  medium 
capacity  are  maiuifactured  by  this  comjMiny,  using  the  frames  of 
their  <»-pole  l>elted  generators,  shown  in  Fig.  42.  The  slow-s|iee<l 
line  furnishes  sizes  from  185Nto  20  H.  P.  and  the  mo<lerate-speed. 
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from  150  to  30  H.  P.  \Mien  fitted  with  interpoles  or  commutating 
poles,  as  the  General  Electric  Company  calls  them,  these  machines 
are  wound  for  adjustable-speed  motors  with  speed  variations  of 
1  >,  to  1,  2  to  1,  or  3  to  1  as  desired,  in  sizes  20  to  130  H.  P.  inter- 
mittent rating.  For  the  smaller  sizes,  they  manufacture  a  line  of 
motors  of  the  general  appearance  shown  in  Fig.  87.     This  line  con- 


Fig.  85.     Fort  Wayne  Type  EF  Motor  Driving  Vertical  Boring  Machine. 

sists  of  eleven  different  frames,  the  largest  three  being  4  pole  and 
the  other  bipolar.  They  are  constant  speed,  shunt,  or  compound 
wound.  Wound  for  slow  speeds  they  range  from  f  to  15  H.  P. 
and  for  moderate  speeds  from  |  to  15  H.  P.  The  4-pole  frames, 
when  so  wound,  become  adjustable-speed  motors  with  speed  varia- 
tions of  H  to  1,  2  to  1,  or  3  to  1.  They  then  are  fitted  with  com- 
mutating poles  and  Wcome  from  5  to  27^  H.  P.,  intermittent  ratings. 
One  of  the.se  motors  is  shown  in  Fig.  88.     All  of  these  various  lines 
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Fig.  86.     Fort  Wayne  Type  L  Motor  Driving  Pump. 


Fig.  87.    Oeaena  Electric  2-H.  P.  Motor. 
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are  wound  for  115,  230,  or  550  volts,  can  be  arranged  for  any  desired 
mounting,  and  are  nianufac-tured  as  open,  semi-enclosed,  or  enclosed. 
Tlic  (lirectKurrent  mill  motors  gotten  out  hy  the  General  Electric 


Company  are  enclosed,  octagonal  frame,  and  fire-proof  construc- 
tion in  5  sizes  from  30  to  150  H.  P.,  at  220  or  500  volts.  They  are 
series,  shunt,  or  compound  wound  as  desired.  Another  complete 
line  of  motors  is  their  railway  motor,  the  latest  forms  of  which  also 


438 


rVPKS  OK  DVNAMO-KLKCTRIC  MACHINKHV 


use  cominutating  |Hiles.  'ITiey  art*  wound  for  (KX)-volt  circuits,  the 
constniction  a(lopte<l  for  tljis  class  of  machines  iK'ing  clearly 
shown  in  Figs.  S9  and  *K).  Itesides  their  larger  machines  this 
com|)any  also  puts  n|)on  the  market  a  complete  line  of  fan  motors 
and  small  power  motors  from  alwut  jjy  up  to  -j^y  H.  P.,  adapte<l 
to  a  great  variety  of  uses. 

Iloltztr-Cahot  Compnnij.  The  iK'lte<l  generators  manufacturtnl 
by  this  company,  ilhistnite<l  in  Fig.  44,  l)ec(mie,  with  proper  windings, 
their  constant-s|>eed  motors  of  IJ  to  1(X)  H.  P.  'ITiese  frames, 
when  employing  a  heavy  compound  winding,  become  varying-spee<l 


''■V. 


lilt.  »J-     Oenorai  fclleftric  KailwAy  Motor. 

motors,  suitable  for  elevator  service,  in  capacities  from  .'>  to  4')  II.  P. 
In  this  line,  however,  the  base  and  |HMlestals  are  disjHMi.se<l  witli  and 
the  l)earings  are  held  by  brackets  l>olte<l  to  the  frame.  Their  type 
C  machine,  .shown  in  Fig.  91,  gives  them  .sizes  from  }  to  10  H.  P.,  to 
Ik*  nm  on  IK)-,  22()-,  or  r)()0-volt  circuits.  They  can  l)e  arningetl 
in  any  position  and  for  any  <legree  of  ventilation.  They  can  Ih'  built 
as  a<ljustable-.s|)eed  motors  for  a  .speed  variation  of  4  to  1  by  lieM 
weakening.  /Phis  company  also  places  a  numl)er  of  motors  of  very 
small  sizes  upon  the  market. 

Thr  Hcliniicr  EIrrtrIc   &  Engineering  Co.     This  concern  manu- 
factures the  Lincoln  direct-current  motor  shown  in  Fig.  02.    Tlie.se 
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inac'liiiies  l)elong  to  the  adjustable-speed  class  and  are  built  in  sizes 
ranging  from  ^  to  30  H.  P.,  and  with  speed  variations  as  great  as 
ten  to  one  and  as  small  as  one  desires.  It  is  a  simple  shunt-wound 
machine,  obtaining  its  speed  variation  by  altering  the  magnetic  cir- 
cuit of  the  machine  so  as  to  weaken  or  strengthen  the  magnetic 
field'. 


Fig.  90.     Greneral  Electric  iiailway  Motor  Frame  Opened. 

The  principal  parts  of  this  machine  are  shown  in  detail  in  Fig. 
93,  a  portion  of  the  illustration  being  in  section.  The  end  of  the 
armature  shaft  on  which  the  commutator  is  mounted  revolves  in  a 
sleeve  that  slides  in  the  journal  bracket.  This  sleeve  is  moved  back 
and  forth  by  means  of  a  forked  lever  controlled  through  a  rod  and 
nut,  by  the  screw  on  the  spindle  of  the  hand  wheel.  The  helical 
compression  spring  surrounding  the  "lever  rod  always  balances  the 
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Fig.  91.     Holtrer-Cabot  Type  C  Direct-Current  Motor.  Open  Typo. 


Fig.  93.        LlQcolu  Variable-Spuea  Motor. 


441 


78  TYPES  OF  DYNAMO-ELECTRIC  MACHINERY 

magnetic  pull  that  is  exerted  by  the  poles  on  the  armature  core. 
'I'he  armature  core  is  slighty  tapered,  the  commutator  end  l^eing 
larger  in  diameter  than  the  other  end  and  the  pole  faces  are  bored 
to  the  same  taper.  AVhen  the  armature  is  drawn  towards  the  journal 
bracket  on  the  commutator  end,  the  air  gaps  are  increased  in  length 
and  decreased  in  area.  This  increases  the  reluctance,  thereby 
weakening  the  field   and   thus   increasing   the   speed. 

Sparking  at  the  brushes  when  operating  at  weak  fields  is  pre- 
vented by  means  of  special  commutating  poles   midway  between 


Fig.  93.     Cross-Section  of  Lincoln  Motor. 

the  main  poles.  These  commutating  poles  are  in  series  connection 
with  the  armature  and  laterally  displaced  from  the  main  poles  on 
the  side  toward  which  the  armature  is  withdrawn.  The  machine  is 
.so  designed  as  to  give  sparkless  commutation  at  all  loads  at  any 
speed  in  either  direction.  The  brush  rigging  is  mounted  on  the  end 
of  the  sleeve  containing  the  ball  bearing  and  therefore  this  bearing, 
bnish  rigging,  and  armature  move  in  unison  with  no  lateral  dis- 
placement of  the  brushes  on  the  commutator.  The  driving  end  of 
the  shaft  slides  in  a  sleeve  that  revolves  with  it  but  does  not  slide 
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endwise;  the  driving  gear,  coupling,  or  pulley  is  mounted  on  the  end 
of  this  sleeve. 

Northern  Electric  Manufacturing  Co.  For  constant-speed 
motors  this  concern  employs  the  frames  of  their  l)elte<J-t>'pe  generators 
shown  in  Fig.  40,  their  ratings  then  Wing  from  A  H.  P.  at  900  R.  P.  M. 
to  75  H.  P.  at  SOO  H.  P.  M.  These  machines  are  furnisherl  for  any 
style  of  mounting,  any  degree  of  enclosure,  with  Imck  gearing  or  idler 
pulleys  with  spring  tension.     Series  wound,  they  liecome  varj'ing- 


flg.  94.     Northern  Type  S  Field.  Showing  Laminated  Structure  Secured  between 
Two  Cast  End  Plates.     Holes  in  CastinK  Near  Pole  Tips  Receive  Pins  to 
Secure  Field  Coils  in  IMace. 

speed  motors,  while  with  additional  regulating  or  interpoles  they  Ik*- 
ctime  adjustable-spee<l  motors  with  a  speed  variation  of  4  to  1 .  Another 
line  of  motors  manufactureil  by  this  company  is  their  type  S,  built 
up  to  .T)  H.  P.  constant  speed  and  also  a  wide  range  of  adjustable- 
siHt^l  ratings  with  sjx*e<l  variations  up  to  six  to  one  aiul  even  greater 
if  desire<l.  ITie  magnetic  circuits  in  the.se  machines  are  made  of 
laminations,  as  .shown  in  Fig.  04.  nie  pole  piece  really  cf>nsists  of 
two  independent  magnetic  paths,  separattnl  by  an  air  gjip  between 
them,  lliis  prevents  field  distortion  due  to  armature  reactiiju  and 
allows  wide  .speed  variation  with  sparkle.ss  commutation  by  .simple 
field    weakening.     Fig.   05   .shows   diagrammatically    the    magnetic 
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circuit  from  pole  to  pole.     Although  each  pole  is  in  two  halves,  the 
magnetic  circuit  in  each  quarter  is  complete  without  joints.     They 


Fig.  95.     Magnetic  Circuit  of  Northern  Type  S  Motor. 

also  manufacture  a  line  of  crane  motors,  as  shown  in  Fig.  90.  These 
are  rectangular,  dust  proof,  cast-steel  frames,  4  pole,  and  series 
wound. 


Fig.  9(i.     Crane  Trolley  as  Equippetl  with  Northern  Steel  Crane  Motors. 


Spraf/uc  Electric  Company.  The  shunt-wound,  constant-speed 
motors  placed  upon  the  market  by  this  firm  consist  of  two  separate 
lines.     Their  round  type  motors  are  bipolar  and  built  in  frames  of 
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12  sizes,  railing  fn>ni   »'„  to  71  II.  P.     Fig.  97  .shows  one  of  these 
motors  beltetl  to  a  WhitI<K-k  press.     'ITie  features  of  these  machines 


Fig.  91.     SpruKue  Kounil  Type  Motor  lielt«d  to  Whitkx'k  iTew. 

are  an  almost  spherical  field  casting  or  yoke  and  only  a  single  field 
coil  to  energize  lK)th  poles.  Fig.  OS  is  a  section  of  such  a  machine 
and  clearly  shows  the  principal  parts.  Their  other  line  of  motors, 
illustrated  in  Fig.  90,  is  multi|H)lar,  manufacture<l  in  nine  different 
sizes  of  frames,  the  smallest  two  Inking  4  p)le  and  the  rest  0,  Tliey 
are  rate<l  from  10  to  O.')  II.  P.  in  slow  s|>eeds,  and  1.')  to  U).'),  in  moderate 
speetls.       'Hiey   can    Ik* 


furnished    for   mounting 

in  any  of  the  four  usual 

positions,  and  with  any 

gra<le  of  protection. 

Both  these  lines  are  for 

use  on  1 1.'>-,230-,  or  .')()<)- 

volt   circuits,  and    when 

desire<l  can  W  furnishe*! 

with  series  or  compound 

windings,  thus  l)econiing 

varying-    or    adjust4d)le- 

speetl  motors.     The  Sprague  Company  also  manufactures  several 

sizes  and  forms  of  cHrectHnirrent  fan  motors. 


Fig.  9S. 


Sectiuaul  \  .i .>i>ru^uf  Kound 

T>'pe  Motor. 
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Stow  Manufacturiug  Compa?iy.  The  Stow  mvlti-specd  motor, 
as  it  is  called,  really  belongs  to  the  adjustable-speed  class,  obtaining 
its  sjx'ed  variations  by  changing  the  reluctances  of  the  magnetic 
circuits.  It  is  bipolar  in  sizes  from  }  to  4  H.  P.  and  4  pole  from  4 
to  15  II.  P.     Fig.  100  shows  one  of  the  4-pole  type.     The  pole  cores 


l''i){-  'yJ-     Sprague  Multiix>lar  .Motor  Connected  to  Rotary  Press. 

are  made  hollow  and  provided  with  iron  or  steel  plungers,  the  posi- 
tion of  which  is  adjustable  through  pinions  and  worm  gears  operated 
by  a  large  hantl  wheel  placed  on  the  top  or  the  side  of  the  machine 
as  preferred.  AVhen  the  plungers  are  withdrawn,  the  total  flux 
decreases  liecau.se  of  the  lengthening,  and  the  decrea.se  in  the  effective 
area,  of  the  air  gap  and  also  the  decrease  of  effective  metal  in  the  field 
cores.  The  speed  must  necessarily  increase  with  deqrease  of  flux. 
Also,  when  the  plungers  are  withdrawn,  the  flux  is  along  the  polar 
edges,  thus  maintjiining  a  strong  commutation  field  and  also  decreas- 
ing armature  reaction  by  increasing  the  reluctance  of  the  armature 
flux.  These  effects  allow  sparkle.ss  commutation  at  any  load  at  any 
.s|)ccd  within  the  limits  of  the  design.  These  motors  can  Ije  designed 
to  give  a  .speetl  variation  of  3  to  1. 

B.  F.  Stnrtevant  Company.  This  concern  places  two  lines  of 
motors  on  the  market.  Their  S-pole  motors  are  made  in  sizes 
from  9  to  225  II.  P.     Those  above  40  H.  P.  are  the  same  in  appear- 
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ance  as  their  generators  shown  in  Fig.  54.  'llie  smaller  sizes  employ 
3-arm  hearing  hrackets.  'ITieir  4-pole  motors  are  built  in  10  sizes 
of  fnimes  from  1  to  1(K)  H.  I*,  and  their  extenial  appearance  is  as  in 
Fig,  101.     'lliese  are  all  c-<>nstant-spee<l  machines. 

Triumph  Electric  Company.  For  their  larger  sizes  in  constant- 
spee<l  machines  this  company,  like  the  others,  employs  their  l)elt- 
driven  generator  fnimes  of  the  design  shown  in  Fig.  59.     'lliese  give 


Fig.  100.     4-Pole  Stow  Motor  Multi-Speed.  Setni-Eprloseci  Type. 

ri.se  to  a  line  of  motors  ranging  from  3\  H.  P.,  4  jxile,  1  .ISHI  K.  P.  M., 
to  20()  H.  P.,  f)  pole,  iVK)  U.  P.  M.  'lliey  also  build  a  line  of  steel 
fnune  machines  of  the  2-arm  bracket  tj'pe  that  can  be  moiinte<l 
in  any  j>osition  and  has  any  variety  of  pnitection.  Six  frames  are 
bi{H>lar  from  \  to  .'»  II.  P.  and  S  frames  are  4  pile  from  7\  to  40  H.  P. 
They  can  \ye  wound  .shunt,  .series,  ami  com|>ound,  thus  l)ecoiniMg 
besides  constant-s|)ee«l   motors  also  varying-  and  adjiistable-s|)ee<l 
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motors.     An  illustration  of  this  type  of  motor  is  given  in  Fig.  102. 

'^Tliese  machines  are  also  used  for  belted  generators  from  ^  to  35  K.  W. 

Wcstcrti  Electric  Company.     Constant-speed  motors  from  |  to 

VA)  II.  P.  for  all  voltages  and  great  varieties  of  speeds  are  manufac- 


Fig.  101.     Sturtevant  Electric  Fan  4-Pole  Motor. 

tured  by  this  company,  using  the  same  frames  as  their  belted  genera- 
tors shown  in  Fig.  61.  They  are  built  for  all  mountings  and  the 
various  grades  of  protection.  Fig.  103  shows  one  of  these  motors 
♦Iriving  a  band  saw.  Another  line  of  motors  from  ^  to  5  H.  P.  at 
speeds  from  2,600  to  1,100  for  the  three  standard  voltages  gives  the 
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smaller  sizes.  They  are  bipolar 
with  a  circular  yoke.  Hie  poles 
are  of  a  peculiar  sha|>e,  circular  in 
cross-section  where  the  field  coil 
is,  but  present  rectangular  pole 
faces  to  the  armature.  Fig.  1()4  is 
a  se<ti»n  of  this  tN-pe  and  shows  the 
construction.  They  also  manu- 
facture 4-pole,  series-wound,  hoist- 
ing motors  with  totally  enclosed 
frame,  small  power  motors,  grinders, 
and  several  forms  and  sizes  of 
fan  motors. 

Westinghouse  Electric  &  Maitu- 
facturing  Co.  A  line  of  motors, 
designated  type  EM,  are  built  in 
standard  capacities  from  9()  H.  l\ 
up  and  for  standartl 
voltages  from  110  to  650. 
They  are  intende<l  to 
supply  the  demand  for 
large  power  units.  'Hiey 
are  designed  for  direct 
connection  or  to  l)e 
belted,  geared,  or  coupled 
to  the  work.  With  prop- 
er windings  they  are 
suitable  for  constant-, 
varying-,  and  adjustable- 
speed  service.  They  are 
essentially  the  same 
frames  as  the  self-con- 
tained generators  pre- 
viously described.  One 
of  these  motors  is  shown 
in  Fig.  105.  Their  line 
of  type  S  motors  are 
made  in  13  frames,  the 


F«g.  102. 


Triumph  Motor  Driving 
u  Puncti. 


Pis.  lOt    Wwtem  Electrk:  Motor  Driving  Band  Saw. 
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same  as  used  for  the  generators  of  their  generating  sets  shown 
in  Fig..  65.  Used  as  constant-speed  motors  tliey  have  ratings 
from  2  to  75  H.  P.  at  110  volts,  from  2  to  150  H.  P.  at  220  and 
500  volts,  and  from  G  to  100  H.  P.  at  600  volts.  ITiey  are  mounted 
in  any  of  the  four  positions  and  built  partially  or  totally  enclosed. 
One  of  these  machines  operating  a  heavy  shears  is  shown  in  Fig. 
106.  They  can  also  be  used  as  adjustaV)le-speed  motors  for  speed 
variations  of  1  to  1  \  or  1  to  2.  They  are  also  used  as  elevator  motors 
when  furnished  with  a  series  winding  used  for  starting  but  cut  out 


Fig.  104.     Section  of  Western  Electric  Bipolar  Motor. 

for  normal  running.  Adding  auxiliary  or  interpoles  to  these  shunt- 
wound  machines  gives  adjustable-speed  motors  of  greater  speed 
variation,  of  ^  to  23  H.  P.  at  a  speed  ratio  of  1  to  4,  |  to  50  H.  P.  at 
a  speed  ratio  of  1  to  3,  and  another  line  of  elevator  motors  of  10  to 
50  H.  P.  at  a  speed  ratio  of  1  to  2.  For  the  smaller  size  constant- 
speed  motors  they  u.se  the  8  frames  of  their  type  R  generators,  shown 
in  Fig.  66.  The  bipolar  range  from  |  to  If  H.  P.  and  the  4  pole, 
from  2  to  10  H.  P.  The.se  machines  are  also  mounted  and  enclo.sed 
as  desired.  Similar  construction  to  the  bipolar  type  R  machines 
are  their  faji  motors  and  very  small  power  motors  in  -g^,  li,  or 
J  H.  P.  The  Westinghoihse  also  furnishes  a  complete  line  of  rail- 
way motors  and  lines  of  mill  and  hoisting  motors.     Their  railway 
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motors  are  built  with  the  usual  moisture-  and  dust-proof  cast-steel 
frames,     lliey  are  4  pole  and  series  wound  for  500  to  600  volts. 


^4 


One  of  the  latest  tN-pes  is  shown  in  Fig.  107.     'It  I  mnt<irs  are 

of  very  similar  design  in  five  sites  from  25  to  150  H.  V.,  hut  wound 
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Fig.  106.    Westinghouse  Type  -S  Motor  Geared  to  Carlin's  Heavy  Shears. 


Pig.  107.     Westinghouse  RaUway  Motor— Upper  Part  of  Frame  Raised. 
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for  220  volts.  Tiiey  ure  series  or  compound  wound  as  desired; 
in  the  latter  the  shunt  winding  keeps  the  no-load  speed  down  to 
about  twice  full-load  sixtHl.  'Ilieir  hoisting  motors  consist  of  10 
frames,  wound  for  1  H),  220,  or  500  volts,  ranging  from  2  to  52  H.  P. 
They  are  4  pole,  series  wound,  fully  enclosed.  Fig.  108  shows  one 
of  these  armnged  with  back  shaft  and  gear. 

DYNAMOTORS,   MOTOR-GENERATORS.   BOOSTERS 

Dynamotors.  'llii^  class  of  machines  has  certain  advantages 
resulting  from  lH)tli  generator  and  motor  windings  lx*ing  on  the 
same  core.  The  armature  reactions  of  the  two  windings,  being 
oppixsite,  neutndize  each  otiier.  'ITiene  Is,  therefore,  no  shifting  of 
tlie  brushes  re<|uiretl  and  no  tendency  to  spark  with  varying  loads, 


tig.  lUS.     WeHliugbuiuc  llubtluK  Motur  with  Uuck  Shalt  auU  Gear. 

giving  them  the  ability  to  .stand  heavier  overloads.  They  are  slightly 
more  efficient  than  motor-generators  since  energ)'  is  savetl  in  mag- 
netizing the  fields  and  there  is  less  lo.ss  in  the  l)earings  because  all 
torque  strain  upon  the  shaft  is  eliminated.  They  are  also  cheaper, 
of  less  weight,  and  more  com|)act.  On  the  other  hand,  the  voltage 
of  the  generator  cannot  be  varied  to  any  extent  except  by  intro- 
ducing ohmic  resistance  into  either  generator  or  motor  armature 
circuits.  Also  the  generator  voltage  c-annot  be  maintained  abso- 
lutely constant  as  there  is  no  way  of  correcting  for  the  armature  drop. 
'Hiey  are  use<l  princijwlly  in  place  of  Uitteries  in  telegraph  main 
stations,  for  charging  storage  lotteries  in  central  energy  telephone 
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stations,  and  for  electro-cautery  and  electroplating  work.  This  type 
of  machine  is  only  made  in  the  smaller  sizes,  the  output  rarely  l)eing 
as  high  as  one  kilowatt.     The  motor  winding  is  arranged  for  any  of 


Fig.  109.     Crocker- Wheeler  Dynamotor. 

the  standard  voltages  and  the  generator  winding  delivers  from  6 
or  8  to  30  or  40  or  else  from  100  to  600  volts,  depending  upon  their 
special  u.se.  Fig.  109  shows  a  Crocker- Wheeler  dynamotor.  There 
is  a  variety  of  dynamotors  where  the  generator  winding  furnishes 
alternating  current  through  collector  rings.  This  type  is  largely 
used  by  many  companies  for  ringing  telephone  bells. 


FiK.  1 1 0.     C  &  C  Type  SL  Welding  Set. 
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Motor-Generators.  Being  any  combiiintion  of  standard  ma- 
chines, niotor-^'iierators  conu"  in  almost  any  <ii|)ac'ity.  Tliey  find 
their  most  i^'iirnil  a|>|>li(ation  in  transforming  fnun  alternating'  to 


Flir.  111.    Westlntfhouse  Motor-Generator. 

Type  .*»  Generator  Driven  by  Type  N  Motor  with  Two  BearinKS 

and  Continuous  Shaft. 

direct  current  and  the  reverse.  That  is,  one  of  the  machine.s  is  direct 
cnrnMit  and  the  other  is  alternating.  It  is  only  in  the  smaller  .sizes 
and   .special   applications   that   Ixith    machines   are   direct   current. 


Fig.  113.     View  ui  Uianaaembleo  o«n«nU  hitsctric-  liaiancer  Set 
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A  special  adaptation  is  illustrated  in  Fig.  110,  which  shows  a  C  &  C 
type  SL  welding  set.  The  two  machines  are  merely  coupled  together 
and  bolted  to  a  common  bed  plate.  In  the  smaller  sizes  the  set  is 
very  often  arranged  with  continuous  shaft  and  only  two  bearings. 
Fig.  Ill  shows  two  type  S  Westinghouse  machines  so  arranged. 
Motor-generators  having  both  machines  direct  current  and  of  the 


Fig.  113.     Three-Wire  Balancer  for  TJuJIock  Multiple  Voltage  System. 

same  voltage  find  their  greatest  application  in  connection  with  the 
three-wire  system  for  furnishing  the  neutral  point  for  connection  to 
the  neutral  wire,  the  two  outside  wires  being  fed  from  a  single  two- 
wire  generator.  The  two  armatures  are  connected  in  series  between 
the  outside  mains  and  the  common  point  between  the  two  armatures 
is  connected  to  the  neutral.  Thus  arranged  the  set  is  also  termed 
a  balancer,  a  balancer  set,  or  a  compensator.  An  adaptation  of  this 
kind  of  the  smaller  line  of  belted  generators  gotten  out  by  the 
Greneral  Electric  Company  is  shown  in  Fig.  112.  Since  the  sets 
are  somewhat  enclosed  in  the  middle,  a  fan  is  provided  and  mounted 
Ijetween  the  armatures.  For  various  systems  of  multiple  voltage 
motor  control,  the  two  armatures  may  be  of  different  voltages.  A 
three-wire  Bullock  balancer  is  shown  in  Fig.  113.  In  connection 
with  four-wire  systems  the  set  is  composed  of  three  machines. 
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Boosters.  ITiese  machines  art*  einployc*!  for  piirjMisfs  of  voltaic 
regulation  in  connection  with  direct-i'Mrrent  electric  hghting,  |K)wer, 
and  railway  circuits,  and  with  stora^'  hattery  applications.  The 
voltaf»e  of  these  cin-uiLs  falls  off,  at  points  distant  from  the  station, 
considend)ly  with  increase  of  load,  and  the  lMK)ster  is  connecte<l  with 
tlic  circuits  in  such  a  way  that  In  voltage  is  added  to  that  of  the 


FIk.  114.     Wi'siinxhoiLs*'  Ituilwuy  U<j(jNtcr.  Motor  Driven. 
250-K.  W..  250- Volt  I).  C.  Series  (ienenitor— 3t;5-Il.  1'.,  550-Voli  Shunt-Wound 

Motor. 

circuit,  keeping  the  voltage  constant.  In  nearly  all  ca.ses  they  are 
motor  driven,  the  motor  l)einga  shunt-wound  machine  and  the  genera- 
tor a  series-  or  compound-wound  typ<'.  Fig.  114  shows  a  railway 
booster  of  Westinghouse  manufacture  comjxxsefl  of  a  .series  generator 
and  a  .shunt  motor. 
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PRACTICAL  TEST  QUESTIONS. 

In  the  foregoing  sections  of  this  Cyclopedia  nu- 
merous illustrative  examples  are  worked  out  in 
detail  in  order  to  show  the  application  of  the 
various  methods  and  principles.  Accompanying 
tl^ese  are  examples  for  practice  which  will  aid  the 
reader  in  fixing  the  principles  in  mind. 

In  the  following  pages  arie  given  a  larg«^  num- 
ber  of  test  questions  and  problems  which  afford  a 
valuable  means  of  testing  the  reader's  knowledge 
of  the  subjects  treated.  They  will  be  found  excel- 
lent practice  for  those  preparing  for  Civil  Service 
Examinations.  In  some  cases  numerical  answers 
are  given  as  a  further  aid  in  this  work. 
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ELECTRICAL    MEASUREMENTS 


1.  What  is  the  distinction  to  be 'made  between  fundamental 
and  derived  units?     Give  examples  of  each. 

2.  Describe  briefly  the  different  types  of  galvanometers  and 
explain  wherein  they  differ  and  the  advantages  of  each. 

3.  Voltmeters  and  ammeters  are  really  galvanometers.  \Vhy 
do  they  fall  into  this  class  and  to  which  type  do  they  belong? 

4.  Explain  the  lamp  and  scale  and  the  telescope  and  scale 
methods  of  reading  galvanometer  deflections. 

5.  Describe  the  control  magnet  as  used  with  needle  galvanom- 
eters and  explain  its  function. 

G.  Describe  and  explain  the  electrodynamometer  and  the 
wattmeter.     How  do  they  differ? 

7.  Describe  the  rheostat.  What  'materials  may  be  used  for 
the  resistance?  ^ 

8.  How  do  resistance  coils  differ  from  the  rheostat  mentioned 
in  Question  6?  \Miat  material  is  generally  used  for  accurate  resist- 
ance units  and  why? 

9.  Describe  and  explain  the  use  of  shunts  for  galvanometers. 

10.  Explain  the  \Mieatstone's  bridge.  Describe  the  two  usual 
forms  of  the  bridge. 

11.  Make  the  usual  '"diamond"  diagram  of  the  connections  of 
a  bridge  and  find  the  value  of  X  when  M  =  1,000,  N  =  10,  and  P 
=  3,247. 

12.  Describe  a  good  method  for  measurement  of  a  low  resist- 
ance. 
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1.  Define  what  is  ordinarily  meant  by  the  term  ejjicicticy  oj 
an  incandescent  lamp,  and  give  the  values  accepted  at  present  for 
the  efficiency  of  the  carl)on,  gem,  tantalum,  and  tungsten  types. 

2.  What  are  the  essential  features  of  the  Nemst  lamp?  Why 
is  the  ballast  necessary? 

3.  ^^'hat  use  is  made  of  the  flicker  photometer? 

4.  How  may  the  color  of  the  flaming  arc  lamp  be  changed? 
With  what  color  of  light  is  the  efficiency  of  this  lamp  the  highest? 

5.  What  is  the  object  of  shades  and  reflectors? 

0.     Descril)e  the  glol)e  photometer  anil  give  its  use. 

7.  Wliat  is  the  relation  between  the  hejncr  and  the  candle- 
powerf 

8.  Wliat  do  you  understand  by  the  term  indirect  lighting? 

9.  Give  your  understanding  of  the  Rousseau  diagram  and 
its  use. 

10.  Name  the  advantages  and  disadvantages  of  the  mercury 
vapor  lamp  and  outline  the  two  methods  used  in  starting  this  type 
of  lamp. 

11.  Explain  the  terms  mean  spherical  candle-power;  mean 
hemispherical  candle-power;  mean  horizontal  candle-power. 

12.  Define  a  lumen;  a  foot-candle. 

13.  In  what  way  thx's  the  tn*atment  of  the  filament  of  the  gem 
lamp  differ  from  that  of  the  ordinary  carlwn  filament? 

14.  Wliy  are  enclaseil  arclamps  preferable  to  open  arcs?  What 
is  the  appro.ximate  difference  in  the  voltage  at  the  terminals  of  these 
two  types  of  lamps  when  connectetl  in  series  circuits? 

15.  What  use  is  made  of  the  mercurj-  arc  rectifier  in  connection 
with  lighting? 
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1.  (a)  Upon  what  does  the  heat  developed  in  an  electric  heater 
depend?  (6)  Explain  the  method  of  obtaining  different  degrees  of 
heat  in  the  electric  car.  (c)  How  much  power  in  K.  W.  is  consumed 
in  heating  a  car,  if  the  heaters  take  6  amperes  and  the  cars  run  on  a 
500-volt  circuit? 

2.  (a)  State  briefly  the  essential  requisites  for  a  first-class  car 
motor,     (b)  Describe  one  form  of  motor  suspension. 

3.  What  is  the  speed,  in  revolutions  per  minute,  of  the  motor 
armature  of  a  car  going  at  the  rate  of  8  miles  per  hour?  Diameter 
of  car  wheel  =  33  inches,  single  reduction  gear,  14  teeth  on  the  pinion, 
72  on  the  axle  gear. 

4.  Explain  the  series-parallel  method  of  controlling  the  speed 
of  a  car,  and  the  method  of  gradually  increasing  the  speed  of  a  car  by 
the  General  Electric  K  type  controller. 

5.  Give  the  principle  of  a  good  form  of  electric  brake. 

6.  What   is  meant  by  tlie  "Multiple  Unit  Control"  system? 

7.  In  the  K  controller  how  is  arcing  prevented  between  the 
contact  rings  and  fingers,  when  the  circuit  is  broken? 

8.  What  forms  of  resistance  are  commonly  used  in  electric  rail- 
way work? 

9.  WTiat  is  the  "dead  man's  handle"  ? 

10.  What  is  the  canopy  switch  and  in  what  way  is  th^  car  cir- 
cuit-breaker superior  to  it? 

11.  Explain  the  action  of  the  air  brake. 

12.  Which  is  used  more  frequently  the  Westinghouse  automatic 
air  brake,  or  the  straight  air  brake  in  electric  railway  work? 
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1.  Draw  a  diagram  showing  the  course  of  the  current  in  the 
return  circuit  when  the  rail  is  paralleled  by  a  large  water  main.  De- 
note the  points  at  which  the  strongest  electrolytic  action  will  take  place 
on  the  pipe,  assuming  the  trolley  positive. 

2.  What  are  the  advantages  of  the  tliird-rail  system? 

3.  What  are  the  most  important  factors  to  be  considered  in 
locating  a  power  house  for  a  given  system  ? 

4.  How  may  the  alternating  current  be  applied  to  electric  rail- 
way work,  direct-current  motors  being  used  on  tlie  cars? 

5.  (a)  How  is  the  electrical  circuit  maintainetl  at  switches  and 
crossings  in  the  thirtl-rail  system?  (6)  How  is  the  car  enabled  to 
cross  such  places? 

6.  Give  the  principle  of  the  automatic  circuit-breaker, 

7.  \Miy  is  it  necessarj'  to  bond  the  rails? 

8.  Explain  how  and  for  what  purpose  storage  batteries  can  be 
used  in  railway  plants. 

9.  ^^^ly  is  it  necessary  to  use  feeders  on  long  lines? 

10.  Explain  why  pipes  in  the  vicinity  of  the  p«ower  house  should 
be  connected  electrically  to  the  n^ative  terminal  of  the  generator 
when  the  trolley  is  positive. 

11.  In  testing  rail  bonds,  the  bond  and  one  foot  of  the  rail  over 
it  should  have  a  resistance  of  how  many  feet  of  solid  track? 

12.  Describe  briefly  the  conduit  system.  In  what  cities  b  it 
used? 
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1.  Define  or  explain  dynamo-electric  inuchinery.     Name  the 
main  divisions  of  this  kind  of  machinery. 

2.  What  are  the  principal  ways  of  driving  generators? 

3.  Explain  briefly  the  three  different  arrangements  of  genera- 
tor and  steam  engine  which  result  in  a  direct-driven  unit. 

4.  AMiat  is  a  three-bearing  generator?     Why  is  it  so  constructed 
and  about  what  is  the  smallest  K.  W.  capacity  of  this  type? 

5.  State  briefly  the  objections  to  belting  generators  to  steam 
turbines, 

C.     In  what  instances  is  gearing  used  between  the  generator 
and  the  prime  mover? 

7.  About  how  many  K.  W.  will  the  largest  direct-current  gewr 
erator  furnish  when  built  in  the  engine  type;'how  many  when  l)elted? 

8.  What  are   the  advantages   and   disadvantages   of  direct- 
driven  generators  as  compared  with  belt-driven? 

9.  Into    what    classes    are    constant-voltage,    direct-current 
generators  divided  and  to  what  uses  are  they  put? 

10.  What  is  meant  by  a  generator  being  over-compounded  ten 
per  cent? 

1 1 .  Explain  what  is  meant  by  an  ironclad  armature.     How  are 
the  armature  windings  held  in  place  in  this  construction? 

12.  \\Tiat  advantages  result  from  bolted-in  poles?  from  cast- 
welded  poles? 

13.  Explain  what  is  meant  by  a  ventilated  armature  and  describe 
the  metho<l  of  constniction. 

14.  INIention  the  special  features  of  the  DeLaval  generating  units. 

15.  AMiat  offices  do  pole  shoes  or  pole  horns  fulfill? 
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